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Abstract: 
Recent interest in environmentally friendly alternatives to chromate-based corrosion 
inhibitors has led to the development of a range of novel coating formulations. The 
work described in this thesis has been aimed at investigating the mechanism of self-
healing and active corrosion protection of the new coatings by searching for active 
components that have migrated from the coating to a controlled defect. The use of glow 
discharge optical emission spectroscopy (GDOES) has been investigated as a tool for 
both the generation of a reproducible controlled defect and for elemental depth profiling 
of the coatings and corroded substrates. Conclusions drawn from the elemental depth 
profiles have been validated by a range of characterisation techniques including optical 
microscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy 
(EDX) and electrochemical techniques. 
The work has focused particularly on a comparison of hybrid coatings doped with 
inhibitors encapsulated in nano-containers, as compared with the direct addition of 
inhibitor species to the coating matrix. The work also investigates the effects of 
inhibitor addition to sol-gel coatings or primer systems or both, highlighting possible 
synergistic effects of mixed inhibitor systems (for example, sol-gel coating doped with 
strontium aluminium polyphosphate (SAPP) supporting primers doped with 
benzotriazol (BZT) or mercaptobenzothiazol (MBT). 
The various coatings have also been studied in the absence of inhibitor species to assess 
the effectiveness of the coatings as barriers between the substrate and the corrosive 
environment. This aspect of the study has highlighted minor inhibitive effects of some 
of the reagents used in the coating formulations and a major inhibitive effect of the 
nano-containers. The work therefore concludes with recommendations for a possible 
coating formulation combining the most beneficial elements of the various coatings 
investigated. 
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1 General Introduction 
The research project described herein is a contribution to a larger project, entitled 
―MULTIPROTECT‖, which was funded under the 6th framework of the European 
Commission and progressed by a consortium of universities, research organisations and 
industrial partners. The present chapter begins with an outline of the general aims of the 
MULTIPROTECT project. This is followed by a discussion of the phenomenon of 
corrosion, first in general terms and then as applied to aluminium/copper/magnesium 
alloy AA2024 T3. Standard methodologies for corrosion protection are discussed. 
 
1.1 Multiprotect 
The MULTIPROTECT project ran for a period of four years, commencing in March 
2005. The key aims were the development of multifunctional materials and new 
production processes based on advanced, environmentally-friendly, corrosion protection 
by the use of nanotechnology
1
. The project brought together a consortium of 31 
academic and industrial researchers from 13 countries. The consortium members are 
listed in Table 1.1 (p 79) and are subsequently referred to by their initials (e.g. EADS) 
or short names (e.g. Demokritos) as indicated in the previous Table. 
Within the broad remit of MULTIPROTECT, the work described in this thesis has been 
aimed at investigating the mechanism of self-healing and active corrosion protection of 
the new coatings, where appropriate, for example by searching for active components 
that have migrated from the coating to a controlled defect. The work has focused 
particularly on the characterisation of hybrid coatings doped with inhibitors 
encapsulated in nano-containers, as compared with the direct addition of inhibitor 
species to the coating matrix. 
 
1.2 Corrosion 
In the most general terms, corrosion can be defined as any interaction of a metal or alloy 
with its environment, irrespective of whether the outcome is advantageous or 
damaging
2
. For example, steel reacts with the atmosphere to form rust (hydrated iron 
oxide, Fe2O3•H2O) which, being loosely adherent, results in bulk loss of material. 
Aluminium will similarly corrode when in contact with an acidic solution. However, if 
an electrical potential is applied to aluminium in contact with a chromate-containing 
solution, an adherent, protective film is formed (anodizing). Under these conditions, the 
rate of corrosion is greatly reduced and the metal is said to be passivated. 
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Corrosion can occur in various forms, ranging from uniform, e.g. during pickling or 
etching, to highly localised pitting of a passive alloy in the presence of aggressive ions 
such as chloride species. The corrosion process is a natural consequence of 
thermodynamically and kinetically favoured electrochemical/oxidation-reduction 
processes, so that complete prevention of corrosion is not possible. Our aim is rather to 
achieve corrosion control, i.e. to limit the rate and the form of corrosion so that the 
desired function of the metal is preserved. 
 
1.3 Aluminium/copper/magnesium alloy AA2024 T3 
The aluminium/copper/magnesium alloy AA2024 T3 (Al4.4 Cu1.5 Mg0.6, solution 
heat-treated, cold-worked and naturally aged) is widely used in the aircraft industry due 
to its high damage tolerance, tensile strength and strength-to-weight ratio
3
. Whereas 
pure aluminium is highly resistant to corrosion due to the formation of a very thin, 
stable oxide film
4
, AA2024 T3 is especially prone to corrosion. This is because the 
concentration of copper in second-phase particles and depletion of copper in regions of 
the matrix leads to local galvanic cells and hence to localised attack
5
,
6
. 
 
1.4 Corrosion protection 
Traditionally, light alloys such as AA 2024 have been protected by application of a 
chromate conversion coating (CCC) or by chromic acid anodizing (CAA). 
 
1.4.1 Chromate conversion coating 
Chromate conversion coatings form by reduction of chromate ions in the presence of 
fluoride ions, leading to the development of hydrated Cr2O3, which provides a coherent 
barrier coating, with further protection afforded by the presence of residual chromate 
species
7
. The coating forms initially at localized cathodic sites associated with the 
AA2024 T3 microstructure, eventually covering the surface generally and developing in 
thickness up to a few microns. The anodic reaction, oxidation of aluminium, results in a 
thin, residual alumina layer at the base of the coating
8
. This layer is continuously 
thinned by the fluoride ions in the bath, such that a high rate of reaction is maintained 
and the required coating thickness is developed within a few minutes. 
Corrosion protection by chromate conversion coatings is attributed to the presence of 
both hexavalent and trivalent chromium (Cr
6+
 and Cr 
3+
, respectively). The trivalent 
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chromium is in the form of an insoluble hydrated oxide, while the hexavalent chromium 
allows for ―self-healing‖ of the film by reduction of Cr6+ to insoluble Cr 3+ species9. 
 
1.4.2 Chromic acid anodizing 
Chromic acid anodizing promotes the formation of a porous anodic alumina film, with 
residual chromate (Cr VI) species entrapped within the pores
10
. Anodizing is achieved 
by making the aluminium alloy specimen the anode in an electrolytic cell
11
. The film 
consists of a thin non-porous barrier layer adjacent to the metal substrate, with an outer, 
relatively thick porous layer which can be sealed in hot water or used unsealed prior to 
the application of paint
12
. Sealed anodic coatings are highly resistant to atmospheric and 
salt-water attack
9
. 
 
1.4.3 Alternatives to chromium 
Hexavalent chromium is known to be toxic and carcinogenic
13
, so alternatives to the use 
of chromium in conversion coatings are being actively sought. 
 
1.4.4 Sol-gel coatings 
Sol-gel techniques are being widely utilised to develop hybrid organic-inorganic 
polymer materials for coatings. The sol–gel method consists of simultaneous hydrolysis 
and condensation reactions, originating with alkoxide precursors, to form glassy 
polymer networks typically exhibiting a micro- or nanoporous character
14
, thus 
facilitating storage and delivery of corrosion inhibitors, for example cerates, vanadates 
and borates. 
The sol-gel methodology has the further advantages of now being a low-temperature 
processing route, applicable to a range of metallic substrates and facilitating controlled 
introduction of a wide range of additives to optimise physical/mechanical and chemical 
properties
15
. The sol–gel process allows introduction of organic molecules inside an 
inorganic network, thereby forming hybrid organic–inorganic coatings. 
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Table 1. 1: List of Multiprotect Partners. 
Partner Abbreviation Partner Abbreviation 
Austrian Research 
Centre GmbH 
ARC Servo Hydraulic Lod 
/ Israel Aircraft 
Industry Ltd. 
IAI 
Universidade de Aveiro AVEIRO INASMET INASMET 
Bühler AG - Leibniz-Institute for 
New Materials GmbH 
INM 
Centro per L‘assistenza 
Scientifica e 
Tecnologica alle 
Imprese 
CASTI Institute of Physical 
Chemistry 
IPC 
Cromosphere CROMOSPHERE Instituto de Soldadura 
e Qualidade 
ISQ 
Consejo Superior de 
Investigaciones 
Científicas 
CSIC Liebherr-Aerospace 
Lindenberg 
LIEBHERR 
Centro Sviluppo 
Materiali S.p.A. 
CSM Plalam SpA, Lamiera 
Prelaccata e 
Plastificata 
PLALAM 
National Centre for 
Scientific Research 
Demokritos PROFACTOR PROFACTOR 
Deutschland, Corporate 
Research Centre 
Germany 
EADS SHL-Alubin Group SHL 
Elastotec ELASTOTEC Israel Institute of 
Technology 
Technion 
ELECTROSTART ELECTROSTART Netherlands 
Organisation for 
Applied Scientific 
Research 
TNO 
European Research and 
Project Office GmbH 
EURICE Technical University 
of Szczecin 
TUS 
Forschungsinstitut für 
Edelmetalle und 
Metallchemie 
FEM University of 
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2 Literature Review 
Much of the work presented in this thesis has been concerned with corrosion and 
protection of the aluminium/copper/magnesium alloy AA2024 T3. This chapter 
therefore begins with a brief review of the recent literature relating to the microstructure 
and corrosion characteristics of this particular alloy. This is followed by a review of the 
literature concerning various corrosion inhibitors and protective coating formulations. 
Studies of the corrosion and protection of cold rolled carbon steel DC01 have also been 
undertaken in the present work. This chapter therefore concludes with a brief review of 
recent literature concerning barrier coatings and corrosion inhibitors used for the 
protection of steel substrates. 
 
2.1 Aluminium/copper/magnesium alloy AA2024 T3 
2.1.1 Relation of microstructure to corrosion behaviour 
The designation AA2024 applies to an aluminium/copper/magnesium alloy with a 
typical composition 0.50 wt % Si, 0.50 wt % Fe, 3.8 – 4.9 wt % Cu, 0.3 – 0.9 wt % Mn, 
1.2 – 1.8 wt % Mg, 0.10 wt % Cr, 0.25 wt % Zn, 0.15 wt % Ti16. The temper 
designation T3 indicates hardening and strengthening by solution heat treatment 
followed by cold working and room-temperature ageing
15
. This alloy is widely used in 
the aerospace industry due to favourable mechanical properties that impart high strength 
and light weight to the aircraft structure. The previous properties are generated by 
tailoring the metallurgical microstructure through addition of the above-mentioned 
alloying elements
17
. Unfortunately, microgalvanic coupling between the different 
metallurgical phases results in localized corrosion
18,19,20
. The shape, size and chemical 
composition of the intermetallic particles are determined by the processing route (heat 
treatment and forming) carried out on the aluminium alloy
21
. For example, Campestrini 
and co-workers found that when the 2024 aluminium alloy undergoes a long quench 
delay time (time spent in air after the homogenisation treatment) shell-shaped particles 
precipitate. Simultaneously, the corrosion mechanism of the AA2024 changes from 
general to localized. Therefore, it was thought that the shell-shaped particles increase 
the pitting susceptibility of the 2024 aluminium alloy. 
An electrochemical investigation of the corrosion behaviour of AA2024 T3 in chloride 
solutions by Guillaumin and co-workers demonstrated that the polarization curve had 
two breakdown potentials
22
. At potentials below the first breakdown potential, 
dissolution of the aluminium matrix involving the whole specimen surface, but 
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particularly concentrated in the vicinity of the particles, resulted in the formation of 
high-relief copper-rich remnants surrounded by a zone which is anodic in comparison to 
both the rest of the matrix and the S-phase particles. At the first breakdown potential, 
dissolution of the coarse intermetallic Al2CuMg particles leads to an increased anodic 
current density. 
The second breakdown potential corresponded to the matrix breakdown potential. This 
signalled the development of pitting and intergranular corrosion. Grain boundaries were 
preferentially attacked because they are anodic in comparison to the grain body and the 
previous dissolution of the intergranular precipitates made them fragile.  
Such corrosion behaviour of AA2024 has also been reported by Bucheit and co-
workers, who identified four primary types of particles, with the Al2CuMg type (S 
phase) being the most predominant (60% of the particle population by number, covering 
2.7% of the total alloy surface
17
. Selective dissolution of Al and Mg from S-phase 
particles led to the formation of 10 − 100 nm copper clusters which could become 
detached from the alloy surface, with consequent redistribution by mechanical action of 
the growing corrosion product or by the moving solution. The ratio of peripheral pitting 
to selective dissolution was found to be pH dependent and greatest under acid or 
alkaline conditions
17
. 
Bucheit and co-workers described two types of pit morphology arising from localised 
corrosion
23
. The first type appears as a ring of local activity in the matrix surrounding 
generally intact intermetallic particles; this results from localised galvanic corrosion of 
the matrix in the zone of influence of comparatively noble intermetallics. The second 
type was related to selective dissolution of appropriate intermetallic particles, resulting 
in deep pits containing particle remnants. 
The role of intermetallic particles was also recognised by Yasakau et al.
24
, Liu et al
25
, 
Aldykiewic et al.
26
, Campestrini
 
 et al.
27
, Fonseca et al.
28
 , Liao
 
et al.
29
, Lacroix
 
 et 
al.
30,31
, Ilevbare
 et al.32,33 
and Dimitrov et al.
34
 
An extensive review of the pitting behaviour of aluminium, including discussion of 
metastable and stable pits, pit chemistry and the effect of intermetallics, has been 
presented by Szklarska-Smialowska
35
. Major conclusions highlighted include: 
 Pitting is a consequence of surface inhomogeneity leading to localized 
concentrations of adsorbed Cl
−
. 
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 Pitting susceptibility (measured by the pitting potential) depends on the 
electronic properties of the passive film. Hence, a less defective oxide film is 
more resistant to pitting. 
 In chloride solutions, the passive film is weakened (measured by current in the 
passive state) at much lower potentials than the pitting potential. This results in 
the production of metastable pits. 
 Intermetallics weaken the passive film and are the sites of pit nucleation. The 
intermetallics form localized galvanic cells with the aluminium-rich matrix and 
act as cathodes for the oxygen reduction. These particles selectively dissolve to 
leave metallic copper and iron remnants which are still more cathodic than the 
intermetallics. 
 The physical and chemical properties of the passive film strongly influence the 
pit initiation, but play a secondary role in pit growth. A high concentration of 
Cl
−
 and a low pH in the pit will hamper repassivation and hence lead to stable pit 
growth. In the initial stages, pit growth can be under ohmic control due to the 
presence of hydrogen bubbles and/or the presence of a high resistance salt in the 
pit solution. After longer times pit growth tends to be diffusion controlled, with 
the presence of the salt layer regulating the transport of ions in and out of the pit. 
In addition to the above conclusions, Szklarska-Smialowska highlights a number of 
problems that still need to be addressed, including the mechanism of pitting inhibition 
by inorganic compounds (chromate, nitrate, phosphate), the influence of dissolved 
inhibitor on the solution pH, on the cathodic reaction, on the magnitude of the passive 
current and on the electronic structure of passive film. 
Hughes et al. have studied the corrosion behaviour of AA2024 T3 as a function of 
immersion time in 0.1 M NaCl solution
36
. At immersion times as short as 5 min, rings 
of corrosion product of 100 to 200 μm in diameter, containing smaller domes of 
corrosion product, were observed using SEM. The domes of corrosion product had 
greater chloride concentrations than elsewhere on the surface and represented sites of 
anodic attack. As the immersion time was increased, significant grain boundary attack 
was observed within the rings of corrosion product. Analyses of Particle Induced X-ray 
Emission (PIXE) maps of the corroded surfaces showed a significantly higher number 
of intermetallic particles around the chloride attack sites than the average particle 
density for the maps, indicating clustering of intermetallic particles. 
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These studies showed that localized corrosion in the zone of influence of isolated 
intermetallic particles commenced with S-phase dealloying, which was completed 
within the first few minutes of immersion. Subsequently, trenching occurred around all 
intermetallic particles in the surface, proceeding from the more active AlCuFeMn-type 
intermetallic particles to the least active AlCuFeMn-type intermetallic particles 
containing silicon and having low copper/iron ratios. 
A second type of attack was also evident on the surface that appeared to result from a 
broader interaction of intermetallic particles with each other and with the matrix. Rings 
of corrosion product, typically 100 – 200 μm in diameter and symmetric, but sometimes 
larger and asymmetric, were observed. The interior of the rings was largely free of 
corrosion product, except for occasional domes of corrosion product representing sites 
of hydrogen evolution. These were found to be the only sites that contained chloride 
ions during the early stages of corrosion. The rings of corrosion product developed as 
early as 5 min after immersion and did not appear to change in size with increasing 
immersion time, although the amount of corrosion product comprising the external ring 
increased. After 120 min, there was heavy grain boundary attack of the matrix within 
the rings. With further increase in immersion time, dissolution of the individual grains 
was observed within the region of excessive grain boundary attack. 
In work by A. Boag et al., polished AA2024 T3 was characterised using wavelength and 
energy dispersive X-ray spectroscopies on an electron microprobe
37
. Nine distinct 
chemical compositions were identified, including the alloy matrix. Many intermetallic 
particles were ‗‗multiphase‖ in that they contained more than one composition 
indicating a heterogeneous precipitation processes. Clustering behaviour of the 
intermetallic particles was also noted. 
 
2.1.2 The effect of surface pre-treatment 
The specimens of unclad AA2024 T3 studied in the present work were pre-treated by 
alkaline etching and de-smutting, as described in Chapter 3. The coated specimens 
provided by MULTIPROTECT partners for use in the present work had been subjected 
to similar surface pre-treatment procedures before coating. For this reason, the effects of 
surface pre-treatment must be considered. 
Alkaline etching usually removes several microns from the alloy surface, leaving 
exposed regions of residual second phase and alloy matrix, the latter with a scalloped 
texture
38
. A layer of hydrated alumina remains on the alloy surface, which is removed 
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by de-smutting in an acid, i.e. nitric acid. Etching and conversion treatments can also 
enrich alloying elements such as copper
39
. The enrichment, located in a ∼2 nm-thick 
alloy layer just beneath the surface oxide film, arises from preferential oxidation of the 
aluminium, since copper has a higher Gibbs free energy of oxide formation than does 
aluminium. 
 
2.2 Corrosion protection 
Organic paint systems applied on the AA2024 surface provide good barrier properties 
against corrosive species and protect the metallic substrate against corrosion
40
. 
However, even small defects formed in the organic paint ensure pathways for the 
ingress of electrolyte to the metallic surface with commencement of localized corrosion. 
Therefore chromates have been widely used as anti-corrosion pre-treatments before 
application of organic coatings
41
. When chromate treatments are applied, hexavalent 
chromium compounds, loosely bonded in the film, are slowly leached on exposure to 
aqueous media and provide active corrosion inhibition at damaged regions, i.e. 
scratches, and other defects. 
Chromic acid anodizing (CAA) is highly effective in generating porous oxide films with 
outstanding anticorrosion properties
42,43,44
, which are also suited as a base layer for both 
paints and adhesives
45,46
. The outstanding anticorrosion performance following CAA is 
due to the capability of chromate species to provide corrosion inhibition to the 
aluminium alloy at anodic and/or cathodic sites
47,48
. When chromate ions are available 
in the vicinity of the alloy surface, they form a protective film, which heals defects 
present after surface treatment
49,50,51
. Additionally, chromate and dichromate species 
restrict chloride adsorption by the anodic film, which would lead to weakening of the 
Al–O bonds48. Unlike sulphuric or phosphoric acid based anodizing baths, CAA does 
not impact significantly on the fatigue life of the aerospace components
52
. 
Katzman and coworkers obtained elemental depth profiles of chromate conversion 
coatings on pure aluminium by sputtering the surface with argon ions during Auger 
electron spectroscopy (AES)
53
. Photoelectron spectroscopy (PES) was also used to 
allow determination of the relative amounts of chromium (III) and chromium (VI) on 
the surface. It was suggested that the presence of residual chromium (VI) in the film 
allowed for corrosion protection and self-healing of damaged areas during salt-spray 
testing. 
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The mechanism and kinetics of reversible storage and release of chromium (VI) have 
been investigated by Xia and co-workers using ultraviolet-visible and Raman 
spectroscopy
54, 50
. The Raman data indicated that the CCC is similar to a Cr(III)/Cr(VI) 
mixed oxide and that adsorption of chromium (VI) probably involved formation of a 
covalent Cr(III)-O-Cr(VI) bond
53
. Adsorption of chromium (VI) to the insoluble 
hydroxide chromium (III) was shown to be strongly pH dependent, such that chromium 
(VI) binding is favoured during CCC formation (low pH, high concentration of Cr
VI
)
55
. 
Conversely, release of Cr
VI
 into a defect is favoured in a corrosive environment (low 
concentration of Cr
VI
, neutral pH). 
Xia and co-workers have also investigated the effect of chromate migration from a 
CCC-coated surface through a solution to an uncoated surface
53
. The chromate that was 
released from the CCC was shown to have deposited onto the untreated surface and to 
have afforded some corrosion protection. 
The electrochemical effects of Cr
VI
 as an inhibitor have been investigated by Clark and 
co-workers
56
. Partial or complete separation of anodic and cathodic corrosion reactions 
was achieved by use of either a single cell with different electrode materials (Cu/Al or 
Cu/AA2024) or a split cell design with differential aeration. This enabled the effects of 
localised inhibitor addition to be investigated, although the set-up necessarily ignores 
the effects of chemical interactions between local cathodic and anodic sites that would 
occur in real systems. The results indicated that Cr
VI
 inhibits O2 reduction at copper 
sites and acts as a strong cathodic inhibitor on copper on AA2024 T3. 
 
2.3 Alternatives to chromium 
The present use of chromates as pigments in the primers currently used for corrosion 
protection
57
, as well as the chromates used in the aluminium-alloy pre-treatment for 
painting, is a major environmental hazard in aircraft production, maintenance and 
repair
58
. Thus, strict environmental regulations have led to legislation restricting the use 
of hexavalent chromium-containing compounds in corrosion protection systems. The 
search for replacements that match the unique corrosion inhibiting properties of 
chromates in aircraft coatings therefore constitutes a major challenge
59,60
. 
 
2.3.1 Organic inhibitors 
The inhibiting effect of several organic compounds on the corrosion of AA2024 T3 in 
neutral chloride solution has been investigated by Lamaka et al.
61
 The candidates were 
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selected based on the assumption that effective inhibitors should form highly insoluble 
complexes with components of AA2024. Along with organic complexing agents, the 
salts of rare-earth elements were included. Results of EIS analysis revealed 
salicylaldoxime, 8-hydroxyquinoline and quinaldic acid were the three most effective 
organic inhibitors:. 
In the work of Song-mei et al., the effect of 8-hydroxy-quinoline (8HQ) on the 
corrosion behaviour of AA2024 T3 was studied in 3.5% NaCl
62
. Polarization 
measurements showed that 8HQ is a mixed inhibitor, blocking the active sites of the 
metal surface. Changes of the impedance parameters in the electrochemical impedance 
spectroscopy (EIS) were related to the adsorption of 8HQ on the metal surface, with 
formation of the insoluble aluminium chelate, Al(HQ)3, which forms a protective film. 
 
2.3.2 Inorganic inhibitors 
The mechanisms of corrosion inhibition of AA2024 T3 by vanadates were investigated 
by Iannuzzi and Frankel
63
,
64
. The electrochemical behaviour of clear solutions 
containing metavanadates and orange solutions containing decavanadates was clearly 
distinctive. Injection of metavanadates to the cathodic side of a split cell set-up greatly 
reduced the galvanic current, indicating a potent inhibition of the oxygen reduction 
kinetics
63
. The galvanic current never exhibited a transient current peak, suggesting that 
metavanadates inhibit corrosion of AA2024 T3 by a mechanism that does not involve 
electrochemical reduction. Injection of metavanadate to the anodic side of the split cell 
had no effect on the galvanic current. Injection of orange decavanadate to the cathodic 
side of the AA2024 T3 split cell resulted in a large current peak, associated with the 
electrochemical reduction of decavanadate. However, decavanadates did not impart 
significant corrosion protection. 
In the mid-1980s, research started on the effectiveness of rare earth metal salts, like 
CeCl3, as cathodic corrosion inhibitors
65
 and since then a number of papers have been 
published presenting rare earth metals, and especially cerium, as good candidates for 
replacing chromium-containing treatments
66,67,68
. The effect of rare earth chlorides 
LaCl3 and CeCl3 inhibitor additions in 3.5% NaCl solution on the corrosion behaviour 
of aluminium alloy AA2014 was investigated by Mishra and Balasubramaniam
69
. The 
polarization resistance increased significantly, and the corrosion rate decreased by an 
order of magnitude, with the addition of 1000 ppm of LaCl3 or of CeCl3, with maximum 
decrease noticed for CeCl3. Scanning electron microscopy confirmed the presence of 
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precipitates of oxide/hydroxides of lanthanum and cerium on the cathodic intermetallic 
sites. 
The mechanisms of corrosion inhibition by rare earth compounds have been discussed 
in detail by Yasakau et al
23
. Addition of lanthanum(III) or cerium(III) to the electrolyte 
solution was shown to result in deposition of the respective hydroxides in the S-phase 
locations, thus hindering the anodic and the cathodic processes. Numerous studies have 
confirmed that the addition of cerium (III) leads to the formation of an insoluble 
oxide/hydroxide film on the surface of the copper-rich intermetallics
70,71,72,73,74
. 
The formation of these cerium oxide/hydroxide films occurs due to pH increase at the 
cathodic sites of the alloy according to the following reduction reactions: 
O2 + 2H2O + 2e → H2O2 + 2OH
− 
H2O2 + 2e → 2OH
−
 
The local increase of pH at the cathodic sites promotes dissolution of the natural oxide 
layer due to the anodic reaction: 
Al → Al3+ + 3e 
The cerium oxide/hydroxide layer formation can be generated by: 
Ce
3+
 + OH
−
 → Ce(OH)3 → Ce2O3 
Initially, the protection afforded by cerium (III) ions is only achieved after relatively 
long immersion time. This is considered to be due to the eventual formation of Ce(IV) 
hydroxide; Dabala et al. have suggested that the oxidation of Ce(III) species may be 
caused by hydrogen peroxide from the cathodic reduction of dissolved oxygen
75
. 
The application of rare earth phosphates as possible environmentally benign corrosion 
inhibitors was investigated by Markley and co-workers
76
 and by Ho and co-workers
77
. 
Markley‘s group demonstrated that cerium diphenyl phosphate (Ce(dpp)3) and 
mischmetal diphenyl phosphate (Mm(dpp)3) inhibit corrosion of AA2024 T3 in 0.1M 
NaCl solution
75
. Ce(dpp)3 displayed cathodic inhibition characteristics, passivating 
cathodic intermetallic particles and decreasing the cathodic current density during cyclic 
potentiodynamic polarisation scans. A shift in Ecorr towards the cathodic region also 
supported this finding. Mm(dpp)3 exhibited mixed inhibition characteristics, evidenced 
by a shift in Ecorr to more noble values, a decrease in cathodic current density, a clearly 
defined passive region at anodic potentials and an increase in pitting potential. Visual 
inspection of AA2024 T3 exposed to Mm(dpp)3 solutions showed no evidence of pit 
initiation. Raman mapping confirmed the presence of the inhibitors on the alloy surface 
and provided some support for the proposed inhibition mechanisms. 
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Ho et al. found that cerium dibutylphosphate, Ce(dbp)3, offers superior protection when 
compared to CeCl3, with no discernable corrosion products, significant pitting, or 
evidence of replated copper on the surface
76
. Cathodic polarization indicated inhibited 
oxygen reduction reaction kinetics consistent with reduced copper replating. Corrosion 
protection was enhanced at higher concentrations of Cl
—
, indicating that deposition of 
the inhibiting film is in response to corrosion. X-ray photoelectron spectroscopy 
analysis of the surface confirmed the presence of both Ce(III) and Ce(IV). The presence 
of Ce(IV) implies that CeO2 is present at the intermetallics, while the Ce(III) may be 
incorporated as an oxide/hydroxide and/or some complex bimetallic compound 
incorporating the dibutylphosphate. In the latter case, the inhibitor system is proposed to 
retain some clustered units (as opposed to individual dissolved ionic species) due to 
partial hydrolysis of the Ce-organic bonds. This allows coordination with aluminium 
ions to form Al/Ce-based bimetallic compounds which deposit on the aluminium alloy 
surface, leading to protective insoluble films. Further hydrolysis of this surface film 
with continued exposure and local pH changes will ultimately lead to a 
CeO(OH)/Ce(OH)3 deposit. 
Dabalà and co-workers showed that cerium-based chemical conversion coatings 
improve the corrosion resistance of AA5083 alloy by inhibiting both the cathodic and 
anodic reactions in chloride environment
78
. 
The mechanism of deposition of cerium-based conversion coatings and the influence of 
Al
3+
 ions has been modelled by Hughes et al. using titrations of cerium-based 
conversion coating solutions with and without added Al
3+
 ions
79
. Precipitates resulting 
from these titrations were characterised by Raman spectroscopy and thermogravimetric 
analysis. Cerium peroxo species and precipitated aluminium compounds were detected 
in the precipitates. The titrations indicated that cerium and aluminium compounds 
precipitate independently. 
The role of surface pre-treatment in the formation of a cerium conversion coating has 
been investigated by de Frutos and co-workers
80
. The AA2024 T3 alloy was alkaline-
etched and de-smutted in nitric acid, prior to cerium treatment in Ce(NO3)3 at 85 °C 
with H2O2 accelerator. Non-uniform coatings developed on the 2024 T3 alloy, with 
pitting potential at the corrosion potential, irrespective of the time of de-smutting. 
Extended de-smutting was found to affect the enrichment of alloying elements. 
Heller et al. have studied the corrosion performance, morphology, and electrochemical 
characteristics of cerium-based conversion coatings on AA2024 T3 as a function of 
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phosphate post-treatment time and temperature
81
. Corrosion resistance was enhanced by 
post-treatment in 2.5 wt.% NH4H2PO4 for up to 10 min or at temperatures up to 85 °C. 
At longer pre-treatment times, or higher temperatures, hydrated cerium oxide and 
peroxide species present in the as-deposited coatings were transformed to CePO4.H2O. 
 
2.3.3 Permanganate conversion coating 
The growth of a permanganate conversion coating (PCC) on AA2024 T3 has been 
studied by Kulinich and co-workers
82
. The PCC system is based on Mn(VII) in solution 
being reduced to oxide of lower oxidation state which coats and passivates the substrate. 
These coatings are reported to give comparable protective properties to chromate 
conversion coatings (CCCs), but without the deleterious environmental effects
83
,
84
. In 
contrast to chromate conversion coatings and to other alternatives (such as polymer 
coatings), permanganate conversion coatings retain a high level of corrosion protection 
when subjected to heat (up to 150 °F) or to long periods of storage (ageing). 
 
2.3.4 Tartaric sulphuric acid anodizing 
In the work of Garcia-Rubio et al., AA2024 T3 alloy specimens have been anodised in 
tartaric acid/sulphuric media and tartaric acid/sulphuric media containing sodium 
molybdate
85
. The molybdate species were added to the anodising bath to enhance the 
protection provided by the porous anodic film developed over the macroscopic alloy 
surface.  In further studies, unclad and clad AA2024 T3 specimens were anodised in a 
tartaric–sulphuric acid (TSA) bath and subsequently post-treated by different processes 
including impregnation in a cold, concentrated chromate solution, Cr-free hot-water 
sealing, and dichromate hot-water sealing
86
. The purpose of this work was to evaluate 
the effectiveness of the classical post-treatments used in the aircraft industry on the TSA 
anodic films and their corrosion resistance behaviour. 
 
2.4 Sol-gel coatings 
Sol–gels are organic–inorganic polymers formed by hydrolysis/condensation reactions 
of alkoxide precursors, primarily silanes
87
. These coatings possess important 
characteristics such as chemical stability, physical strength and scratch resistance. 
Tavandashti et al. have investigated the corrosion protective properties of sol-gel films 
synthesized from 3-glycidoxypropyltrimethoxysilane (GPTMS) and 
tetraethylorthosilicate (TEOS) precursors
88
. Interlinked organic–inorganic networks 
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could be formed because of the presence of both epoxy and silicon alkoxide 
functionalities in the precursor molecules. In order to investigate the effective factors on 
the properties of organically modified silicate films (Ormosils), different coatings with 
different organic and hydrolysis water content were developed. The films were prepared 
by dip-coating technique. The hybrid films provided exceptional barrier and corrosion 
protection in comparison with untreated aluminium alloy substrate. 
Recently developed nanostructured inorganic/organic hybrid conversion coatings for 
long-term protection of aluminium alloys against atmospheric corrosion are based on a 
unique combination of a sol–gel processing of organo-functional silanes and a 
conventional coating formation process
89
. This hybrid approach has been termed self-
assembled nanophase particle (SNAP) coating process and is considered as an 
environmentally benign alternative to existing chromate-based conversion surface 
treatments
94
. In this coating process, organosilicate nano-particles with peripheral epoxy 
functional groups are pre-formed in an aqueous sol–gel process by hydrolysis and 
condensation of appropriate organosilanes and then assembled and crosslinked upon 
application to the substrate surface. The chemical structure and organic functionality of 
silanes and crosslinking agents can be varied and optimized to achieve enhanced 
adhesion between the paint system and the AA2024 substrate and good corrosion 
protection (barrier) properties. However, such pre-treatments do not provide a self-
healing ability when the coating is partially damaged in contrast to the chromate-based 
systems
39
, so that it is necessary to introduce inhibitor species.  
Organic corrosion inhibitors appear to be the most suitable for physical entrapment 
within SNAP coating material by adding the inhibitor in the reaction mixture before 
crosslinking and formation of a host network structure
94
. Once trapped within the 
coating material, the organic corrosion inhibitor becomes active in the corrosive 
environment, slowly diffusing out of the host material. 
The Self-assembled Nanophase Particles (SNAP) process has been extensively 
investigated by Voevodin and co-workers
90,91,92,93
. The nanostructured coatings were 
shown to provide an excellent barrier to corrosion for aluminium aerospace alloys. 
Osborn and co-workers have developed a sol-gel system consisting of a dilute aqueous 
zirconium and functionalised silicon alkoxide solution
94
. The silicon component carries 
an organic group chosen for chemical compatibility with the organic polymer system in 
the primer or topcoat, e.g. a glycidoxyl group for epoxy primers, to provide superior 
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adhesion to chromate conversion coatings. Various cerate, vanadate and borate 
inhibitors were mixed into the coating system, to provide corrosion resistance. 
 
2.4.1 Sol-gel coatings doped with BZT and related compounds 
The effectiveness of triazole and thiazole derivatives as corrosion inhibitors for 
aluminium alloys has been investigated by Khramov et al.
95
, Yang et al.
96
 and by 
Zheludkevich et al
39
. 
In the work of Khramov et al. sol-gel hybrid coatings were doped with 
mercaptobenzothiazole and mercaptobenzimidazole in the presence or absence of β-
cyclodextrin
94
. Improved solubility of the inhibitor species in the coating solution and 
improved control of the leaching of the inhibitors from the coating was achieved by 
complexation in the presence of β-cyclodextrin, so that these formulations provided 
superior corrosion protection and self-healing properties. 
Yang and co-workers developed a water-based epoxy coating incorporating triazole 
inhibitor
95
. The water-soluble triazole particles were first modified using a plasma 
polymerization technique, resulting in an ultra-thin polymer film on the surface of the 
particles. The encapsulated water-soluble inhibitor was demonstrated to be slowly 
released in a corrosive environment. 
Zheludkevich and co-workers have evaluated the 1,2,4-triazole, 3-amino-1,2,4-triazole, 
benzotriazole and 2-mercaptobenzothiazole as corrosion inhibitors for protection of the 
2024 aluminium alloy in neutral chloride solutions
39
. The results showed that each 
inhibitor confers corrosion protection to the AA2024 alloy, forming a thin organic layer 
on the substrate surface. Benzotriazole and 2-mercaptobenzothiazole offered better 
corrosion protection than the other two inhibitors. The inhibitors were shown to 
decrease the rate of both the anodic and cathodic processes. Thus, the de-alloying of 
copper is hindered, slowing down the oxygen reduction reaction. 
Yasakau et al. have investigated the addition of various inhibitors, such as 8-
hydroxyquinoline, benzotriazole and cerium nitrate, to sol-gel coatings. Inhibitors were 
added at various stages in the sol-gel synthesis to understand the role of possible 
interaction of the inhibitor with components of the sol–gel system97. The results 
demonstrate that 8-hydroxyquinoline and cerium nitrate do not affect the stability of 
sol–gel films and confer additional active corrosion protection effect. In contrast to this, 
benzotriazole leads to deterioration of the corrosion protection properties of hybrid sol–
gel films. 
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The effects of doping silane films with inhibitors such as tolyltriazole, benzotriazole and 
inorganic cerium salts have been investigated by Palanivel and co-workers
69
. The 
organic inhibitor tolyltriazole added to the silane film improved the overall corrosion 
resistance of the AA2024 T3 alloy but did not impart a self-healing effect to the silane 
films, whereas doping the film with cerium salts provided both corrosion resistance and 
self-healing. 
 
2.4.2 Inhibitors encapsulated in nanoparticles 
The barrier properties and active corrosion protection of inhibitor-doped sol-gel 
coatings on AA2024 T3 have been investigated by Raps et al
98
. The addition of 
inhibitors was shown to improve corrosion resistance, but with possible negative effects 
on the barrier properties. Encapsulation of the inhibitor species was recommended in 
order to combine good barrier properties with good corrosion inhibition. 
Nanostructured sol-gel coatings doped with cerium ions added directly to the matrix or 
encapsulated in zirconia nanoparticles were investigated by Zheludkevich and co-
workers
99,100
. The sol–gel films containing zirconia nanoparticles presented improved 
barrier properties, while doping the hybrid nanostructured sol–gel coatings with cerium 
nitrate gave additional improvement of the corrosion protection. The zirconia particles 
present in the sol–gel matrix appeared to act as reservoirs to provide a prolonged release 
of cerium ions. 
Varma et al. reported the incorporation of zirconium- and titanium-based nanoparticles 
into the sol–gel formulation86. Due to the difference in reactivity of the precursors, the 
hydrolysis of each precursor was carried out separately before being combined for final 
condensation. The zirconium precursors were chelated, prior to hydrolysis, using 
various ligands such as organic acids, acetyl acetone (AcAc) and 2,2′-bipyridine (Bipy) 
to control the zirconium hydrolysis reaction and form nanoparticles within the silane sol 
matrix. 
Nanoparticle-modified coatings formed from the silane sol on AA2024 T3 were 
characterised spectroscopically, electrochemically and calorimetrically to evaluate the 
potential effect of the different chelates on the final film properties while neutral salt 
spray tests were performed to study their anti-corrosion performance. Results indicated 
that the acid ligand-modified coatings provided the best performance, followed by 
AcAc, while Bipy was the poorest. In all cases the zirconium nanoparticles improved 
the protective properties of the sol–gel coating. 
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A series of nano-sized vanadia-based ani-corrosion thin films were prepared by the sol–
gel method and investigated by Hamdy and Butt
101
. Generally, vanadia treatments 
improve the corrosion resistance due to formation of highly protective vanadium oxides. 
The surface preparation prior to vanadia treatment of the alloy AA6061 T6 (0.4 – 0.8 Si, 
0.7 Fe, 0.15 – 0.40 Cu, 0.15 Mn, 0.8 – 1.2 Mg, 0.04 – 0.35 Cr, 0.25 Zn, 0.15 Ti, solution 
heat-treated and artificially aged without cold-working) was found to have a marked 
effect on corrosion protection, with a combination of etching and oxide thickening prior 
to vanadia treatment playing an important role. 
Lamaka and co-workers have prepared a nanostructured porous TiO2 interlayer on the 
surface of the aluminium alloy by controllable hydrolysis of titanium alkoxide in the 
presence of a template agent
102
.
 
Enhanced corrosion protection and self-healing 
properties were demonstrated when the nanoparticles were loaded with benzotriazole 
inhibitor. 
In later work, stable hybrid sols were prepared by hydrolysis of 3-
glycidoxypropyltrimethoxysilane and different titanium organic compounds in 2-
propanol solution in the presence of small amounts of acidified water
103
. Different 
diketones were used as complexing agents in this synthesis for controllable hydrolysis 
of titanium organics. The protective properties of the coatings were found to depend 
significantly on the nature of metal-organic precursors and complexing agents used in 
the process of sol preparation. The best anticorrosive protection of AA2024 in chloride 
solutions was provided by the titania-containing sol–gel films prepared with 
titanium(IV) tetrapropoxide and acetylacetone as starting materials. In the case of 
zirconia-containing films, better protective properties were found when applying 
ethylacetoacetate as a complexing agent. 
Investigations of nanocomposite coatings with up to 20 wt.% incorporated ceria 
nanoparticles have demonstrated that the corrosion rate can be reduced by a factor of 
about 1000 compared with the uncoated AA2024 T3
104
. The morphology of the coatings 
and associated nanoparticles was examined by conventional and high-resolution 
transmission electron microscopy, revealing a relatively uniform distribution of 
nanoparticles. The presence of ceria nanoparticles was generally beneficial, but the 
performance of the coating depended on the concentration of nanoparticles. Corrosion 
in an artificial scratch was blocked most effectively by high ceria contents, whereas 
general corrosion was inhibited effectively with comparatively low ceria contents. 
Electrochemical polarisation behaviour revealed that the coating decreased the anodic 
 94 
current density by about seven orders of magnitude compared with the uncoated alloy, 
with high breakdown potentials in chloride-containing solution. Electrochemical 
impedance spectroscopy indicated degradation of the barrier properties of coatings with 
increased amounts of incorporated nanoparticles. Further, by variation of the CeO2 
content, it is possible to influence properties of the coating such as hydrophobicity, 
creepage from an artificial defect, scratch resistance and abrasion resistance . 
 
2.4.3 Layered coatings 
The corrosion behaviour of treatments based on the deposition of layers of 
metacryloxypropylmethoxysilane (MAOS) and/or cerium nitrate on AA2024 T3 has 
been investigated by Tamborim and co-workers
105
. The cathodic and anodic currents 
were decreased by almost two orders of magnitude, with the lowest corrosion current 
densities being presented by the alloy submitted to a four-tier sandwich-type deposited 
layer (MAOS (I) + cerium nitrate conversion (II) + cerium nitrate conversion (III) + 
MAOS (IV).  This behaviour is attributed to a synergistic effect between the MAOS 
layer and the cerium nitrate conversion layer. The results obtained indicate that cerium 
nitrate acts as an inhibitor by preventing the cathodic reaction and thereby decreasing 
the dissolution rate. 
Specimens supporting a single layer cerium conversion coating and a two-layer MAOS 
+ cerium conversion coating revealed incomplete coverage and consequent metal 
dissolution. The sandwich type process alloy improved coverage by MAOS on the top 
layer. 
Palomino and co-workers have investigated the electrochemical impedance behaviour 
of a bilayer pre-treatment consisting of a cerium conversion bottom layer and a non-
functional silane (bis-1,2-(triethoxysilyl) ethane (BTSE)) top layer applied on Al 2024-
T3, and compared its behaviour with monolayer coated samples
106
. The impedance of 
the bilayer specimen increased during the whole 72 h test period, apparently due to the 
build-up of corrosion products at the specimen surface. The comparison of the 
impedance response of the bilayer coated specimen with silane coated specimen has 
shown that the interaction between the silane layer and the cerium conversion layer is 
identical to that between the silane layer and the bare alloy. Moreover, the impedance 
results have shown that bilayer protected specimens present impedance values 
approximately one order of magnitude higher than that exhibited by specimens 
protected by only a single layer of either cerium conversion coating or silane. Excellent 
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adhesion properties of the cerium conversion layer to the substrate matrix was 
demonstrated, although cracking of the conversion layer occurs during drying. 
A hybrid organic–inorganic self-healing sol-gel coating reinforced with SiO2 
nanoparticles has been developed by Rosero-Navarro and co-workers
107
. The 
incorporation of cerium (III) to hybrid sol–gel coatings of TEOS – MPS – colloidal 
SiO2 applied to the AA2024 T3 alloy generated a self-healing effect due to leaching of 
cerium. However, the porous structure of the cerium-doped layers compromised the 
barrier proprieties of these layers compared to those without cerium. After confirming 
the inhibiting effect of Ce ions, a layered system combining self-healing and barrier 
functionalities is under development. A study of the new system forms part of the 
present work. 
 
2.4.4 Inhibitor-doped primers 
A further approach to chromate-free corrosion-protection systems is embodied in the 
concept of superprimers, i.e., primers that can be applied to the bare metal without the 
requirement for conversion coating. Excellent adhesion to both the metal substrate and 
the topcoat is provided by a high concentration of organofunctional silanes in the 
superprimer. 
Seth and co-workers prepared an epoxy-acrylate primer for AA2024 T3 with zinc 
phosphate nanoparticles
108
.
 
The primer is applied to the substrate as a water-borne 
dispersion of epoxy-acrylate resin, isocyanate silane cross linker, bis-sulphur silane and 
zinc phosphate particles. As the water evaporates, the dispersion components are forced 
closer to each other and the acrylate interacts with the silane to form an acrylate–silane 
layer, incorporating the zinc phosphate particles, in the middle of the coating. The 
epoxy does not interact much with the other ingredients except for the crosslinker, thus 
forming a separate layer on top of the crosslinked acrylate–silane–zinc phosphate layer. 
The zinc phosphate was demonstrated to leach out only from the hydrophilic acrylate–
silane–zinc phosphate layer, creating a reservoir of saturated zinc phosphate in the 
surrounding salt solution while the hydrophobic epoxy layer protected the acrylate 
containing layer and thereby the rest of the coated metal. 
Bierwagen et al. have recently reported a Mg-rich primer technology that gives 
excellent corrosion protection by mechanisms entirely different from the modes of 
protection given by chromate compounds
109
. In the first versions of the magnesium 
primer premature blistering was noted during immersion or B117 continuous salt spray 
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testing, which may have been due to hydrogen generation from water contact at a 
particle. Efforts to control the level of activity of the magnesium have now been 
successfully accomplished thus controlling this undesired phenomenon. Open circuit 
potential (OCP) measurements indicate an extended period of cathodic protection, after 
which a combination of Mg oxide, hydroxide and carbonate compounds provide 
continued protection. 
 
2.5 Coatings on steel 
DC01 steel (ASTM designation SAE 1010) is a cold rolled carbon steel with a typical 
composition C = 0.10 %, Mn = 0.45 %, P = 0.04 % (max), S = 0.05 % (max). Phosphate 
conversion coating and corrosion inhibitors such as benzotriazole (BZT) are commonly 
used for the corrosion protection of such steels
110,111
. A brief review of coatings 
technology for the protection of steel substrates is now presented. 
 
2.5.1 Barrier coatings 
Subramanian and co-workers have investigated the corrosion protection properties of 
silane pre-treatments on iron in 3% NaCl solution
112
. Coatings made with two silanes, 
one with a functional group (γ-aminopropyltriethoxysilane [γ-APS]) and one without a 
functional group (bis-triethoxysilyl ethane, BTSE), were studied. It was found that γ-
APS films had no effect on the corrosion rate of iron. However, BTSE films deposited 
from solutions of pH 4 to 6 reduced the corrosion rate by a factor of 15. The greater 
effect of a BTSE film was explained by formation of more stable Fe-O-Si bonds and the 
higher degree of cross-linking of the BTSE films compared to the γ-APS films. 
Sol-gel coatings have been shown by De Sanctis and co-workers to be effective as a 
barrier against oxidation and acid corrosion of stainless steels
113
. Samples heated prior 
to application of the coating show much lower corrosion rates than samples heated after 
coating, probably due to cracking in response to silicon carbide precipitation. Binary 
ceramic materials such as TiO2-SiO2 have been shown to provide significant protection 
against air oxidation and chemical attack by H2SO4
114
. 
 
2.5.2 Inhibited sol-gel coatings 
Zhang and co-workers have investigated the corrosion-inhibitive effect of self-
assembled films of imidazole and its derivatives on the surface of iron
115
. The results of 
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EIS and polarization measurements demonstrated that the films were able to protect iron 
from corrosion during immersion in 0.5 M H2SO4 solution. 
The corrosion performance of polyester-melamine coatings doped with 2-
mercaptobenzimidazole (MBI) or with 2-mercaptobenzoxazole (MBO) on mild steel 
has been investigated by M. Mahadavian and S. Ashhari
116
. The EIS results revealed a 
higher corrosion inhibitive activity of MBI compared to that of MBO. SEM-EDX 
analysis revealed modification of the corrosion products in the presence of MBI and 
MBO, while salt-spray tests indicated improved corrosion protection in the presence of 
the inhibitors. 
The corrosion behaviour of carbon steel protected with single layer and bi-layer silane 
films doped with silica nanoparticles has been investigated by Suegama and co-
workers
117,118
. EIS analysis indicated an improvement of the barrier properties of the 
silane layer with the addition of silica, which was further enhanced in the bi-layer 
system. The effect was shown to be dependent on nanoparticle concentration, with 
corrosion performance being degraded by particle agglomeration. 
Ruhi and co-workers have evaluated the pitting resistance, in various concentrations of 
NaCl solution, of AISI 304L stainless steel supporting nano-structured sol-gel 
coatings
119
. The corrosion rate of the coated specimens was more than an order of 
magnitude less than that of an uncoated specimen, with a significant increase in pitting 
potential for the coated specimens in the presence of 0.01 M NaCl. However, an 
increase in chloride ion concentration resulted in a decrease in pitting potential. 
 
2.5.3 Inhibited primers 
The corrosion resistance of the primers applied to steel can be improved by adding 
inhibitor species, for example zinc phosphate
120,121
 and related compounds with 
modified anionic and cationic parts
122,123
. Mahdavian and co-workers have investigated 
the effect of zinc phosphate and of zinc chromate on the electrochemical behaviour of 
mild steel, first by addition to 3.5% (w/w) NaCl solution in the presence of bare metal, 
then by dispersing the pigments in the epoxy resin for coating followed by immersion in 
3.5% (w/w) NaCl solution
119
. At concentrations up to 36.5%, zinc phosphate-doped 
primers showed good barrier properties, but, with higher concentrations of phosphate, 
formation of a capillary system during curing resulted in loss of the barrier properties
119
. 
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Naderi and co-workers used electrochemical impedance spectroscopy (EIS) and linear 
polarization (LP) to evaluate the performance of steel specimens immersed in 3.5% 
NaCl aqueous solutions containing the  zinc phosphate (ZP) pigment or a modified zinc 
aluminium polyphosphate (ZAPP) pigment compared to the absence of  pigment (blank) 
using electrochemical tests
121
. Impedance spectra and polarization curves demonstrated 
the superiority of the modified ZAPP pigment. The presence of a precipitated layer on 
the surface of the specimen that was immersed in the solution-containing ZAPP was 
confirmed by scanning electron microscopy (SEM) and energy dispersive X-ray 
analysis (EDX). 
 
2.6 Introduction to Present Work 
The above literature review has shown that a great deal of effort has been, and is 
continuing to be, exerted towards acquiring an improved understanding of the 
mechanisms of corrosion and inhibition. The work described in this thesis is aimed at 
investigating the mechanism of self-healing and active corrosion protection afforded by 
the traditional anodized films and conversion coatings and by the new coatings. 
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3. Experimental Procedure 
The first part of this chapter provides detailed descriptions of the various coated and 
uncoated specimens used in the present work. Substrate composition, surface pre-
treatment and coating formulations are given. 
The second part of the chapter details the various experimental procedures undertaken 
and analytical techniques used during the present study. 
 
3.1 Specimens 
3.1.1 Aluminium/copper/magnesium alloy AA2024 T3 
Specimens of the uncoated aluminium/copper/magnesium alloy, AA2024 T3 were 
supplied by EADS. The composition (wt %) of the batch supplied was: 
93.15 Al, 0.08 Si, 0.25 Fe, 4.5 Cu, 0.57 Mn, 1.4 Mg, 0.02 Zn, 0.03 Ti, and Cr < 0.005, 
Ni < 0.005. 
The specimens were supplied untreated or after etching and desmutting; in the latter 
case, the specimens were pre-treated according to the following schedule: 
1 Solvent cleaning (wiping with acetone). 
2 Alkaline cleaning (Metaclean T2001, supplied by Chemie Vertrieb 
Hannover GmbH & Co KG), at 60 – 70 °C for 15 min. 
3 Rinsing with deionized water for 2 min. 
4 Alkaline etching (P3 almeco; >30% NaOH, 15 – 30% Na2CO3, pH 9 – 10, 
supplied by Henkel Oberflächentechnik GmbH Düsseldorf at 60 ± 5°C for 1 
min. 
5 Rinsing with deionized water for 2 min. 
6 Acid de-smutting (Turco liquid Smutgo NC, supplied by Turco Chemie GmbH 
Hamburg) at 40 ± 5 °C for 5 min 
7 Rinsing with deionized water, 2 min. 
 
3.1.2 AA2024 T3 supporting chromate conversion coatings (CCCs) 
3.1.2.1 Standard chromate conversion coating 
Specimens of the aluminium/copper/magnesium alloy, AA2024 T3, supporting a 
standard chromate conversion coating (CCC) were supplied by EADS. The specimens 
were pre-treated according to the regime outlined in Section 3.1.1 before conversion 
coating. A typical coating bath composition is as follows: 
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Na2CrO7.2H2O 7.5 g l
-1
 
NaF   1 g l
-1
 
K3[Fe(CN)6]  5 g l
-1
 
HNO3   1.15 g l
-1
 
H2O   < 100 µS cm
-1
 
pH   1.2 – 2.2 
Temperature  15 – 25°C 
Treatment time 3 min 
 
3.1.2.2 Alternative conversion coating 
Specimens supporting an alternative Cr
3+
-based conversion coating were also supplied 
by EADS. The specimens were pre-treated according to the regime outlined in Section 
3.1.1 before conversion coating with ChromitAl 650 TCP supplied by SurTec. Coating 
was carried out using a dipping process at ambient temperature for 3 minutes. 
 
3.1.3 AA2024 T3 supporting anodized films (CAA, TSA) 
EADS also supplied specimens of the AA2024 T3 alloy supporting standard chromic 
acid anodized (CAA) films. Specimens supporting an alternative tartaric sulphuric acid 
anodized (TSA) film were also provided. 
The specimens were pre-treated according to the regime outlined in Section 3.1.1 before 
anodizing at 40 V or 21 V in 30 – 100 gl-1 chromic acid at 40 °C for 45 min (CAA) or 
13 – 15 V in 80 gl-1 tartaric acid/40 gl-1 sulphuric acid at 37 – 43 °C for 20 – 25 min 
(TSA) respectively. The CAA and TSA film thicknesses were both in the range 3 – 5 
µm. 
 
3.1.4 AA2024 T3 supporting an EPOXY-Al sol-gel coatings 
3.1.4.1 Non-inhibited EPOXY-Al coatings 
Specimens of AA2024 T3 supporting a sol-gel (EPOXY-Al) coating, with a range of 
thicknesses, were generated during a training course at the laboratories of INM in 
Saarbruecken, Germany. The sol-gel coating was prepared using 3-(glycidoxy)propyl 
trimethoxy silane (GPTS, supplied by Brenntag), bisphenol A (BPA, supplied by 
Aldrich), isopropoxy-ethanol (IPE), methyltriethoxysilane (MTEOS, supplied by 
Brenntag), tetraethoxysilane (TEOS, supplied by Brenntag), SiO2 nanoparticle 
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dispersion Levasil 300/30 (supplied by H. C. Starck), and 1-methylimidazol (MI) 
according to the procedure outlined below. 
0.1 M hydrochloric acid was added to GPTS to assist hydrolysis. In a separate reaction 
vessel, BPA was dissolved in isopropoxy ethanol (IPE) to serve as an organic cross-
linker. In a third reaction vessel, TEOS, MTEOS, SiO2-nanoparticles, as components of 
the inorganic network, were dispersed in deionized water and hydrolysed by addition of 
concentrated hydrochloric acid (HCl). This mixture was stirred for 1 h, during which 
time the mixture became turbid and then clear. After completion of the hydrolysis, the 
solutions were mixed together and the organic cross-linking was started by addition of 
an ethanolic solution of 1-methylimidazole 10 minutes prior to dip-coating. 
The AA2024 T3 specimens were cleaned in an ultrasonic bath containing Metaclean 
T2001 (Chemie Vertrieb Hannover GmbH & Co KG) in water at 65 °C for 15 min 
before transfer to a second ultrasonic bath containing commercial alkaline cleaner P3 
Almeco (Henkel Oberflächentechnik GmbH Düsseldorf) at 37 °C for 5 min. The 
previous was followed by desmutting in a third ultrasonic bath containing the acid 
cleaner, Turco liquid Smutgo NC, at 30 °C for 5 minutes. Coatings were applied by dip-
coating with a coating velocity of 9 mm s
-1
 and cured at 120 °C for 4 h. 
The coating thickness was varied by adding differing proportions of ethanol to the 
solution during preparation of the sol-gel for dip-coating. The specimens produced at 
INM are referred to as EPOXY-Alconc (0% ethanol), EPOXY-Al10EtOH (10% 
ethanol), EPOXY-Al20EtOH (20% ethanol) and EPOXY-Al30EtOH (30% ethanol). 
Twelve specimens of AA2024 T3 were dip-coated with each formulation (a total of 48 
specimens). After curing of the coatings, their thicknesses were measured using a 
Fischerscope probe ETA 3.3, which is configured to measure coating thickness by the 
eddy current method. There was found to be a range of thicknesses for each 
formulation, as presented in Table 3.1. 
 
Table 3.7: Thicknesses of non-inhibited EPOXY-Al sol-gel coatings with various 
proportions of ethanol. 
Specimen 
thickness (μm) 
range Average (12 specimens) 
EPOXY-Al concentrated 13.64 – 15.21  14.3 
EPOXY-Al-10EtOH 12.61 – 15.55 13.2 
EPOXY-Al-20EtOH 11.21 – 12.41 11.7 
EPOXY-Al-30EtOH 5.69 – 9.88 7.9 
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3.1.4.2 BZT-doped EPOXY-Al coatings 
Specimens of AA2024 T3, of dimensions 8 cm x 5 cm, supporting the EPOXY-AL 
coating containing a range of concentrations of benzotriazole (BZT) were prepared by 
addition of the desired amount of BZT to GPTS immediately before hydrolysis and 
preparation of the sol-gel as described in Section 3.1.4.1. No ethanol was added to the 
solution during the preparation of these coatings, herein referred to as EPOXY-Al-
4BZT (coating contains 4% BZT), EPOXY-Al-10BZT (coating contains 10% BZT) and 
EPOXY-Al-16BZT (coating contains 16% BZT). The measured coating thicknesses are 
presented in Table 3.2. 
 
Table 3.8: Thickness of EPOXY-Al sol-gel coatings doped with various proportions of 
BZT. 
Specimen 
thickness (μm) 
range Average (12 specimens) 
EPOXY-Al-4BZT 9.37 – 12.61 10.7 
EPOXY-Al-10BZT 8.02 – 11.12 9.8 
EPOXY-Al-16BZT 9.29 – 11.18 10.1 
 
3.1.4.3 EPOXY-Al coatings with BZT encapsulated in AluOx nanocontainers 
Aluminium oxide occurs in a number of distinct crystalline phases, of which the porous 
γ-Al2O3 (γ-alumina or AluOx) has found use as an adsorbent
124
. Specimens of AA2024 
T3, of dimensions 8 cm x 5 cm, supporting the BZT-inhibited EPOXY-Al coating were 
also produced in which various proportions of BZT were encapsulated in AluOx 
supplied by Degussa (now Evonik). The powder, specific surface area 111 m
2 
g
-1
, 
consisted of primary particles of size 10 – 15 nm. The particles formed agglomerates up 
to 500 nm (particle size distribution after dispersing in ethanol: d10 = 76.5 nm, d50 = 
124.5 nm, d90 = 290 nm). Inside the agglomerates, pores of average size 31 nm exist as 
measured at INM by the nitrogen adsorption/desorption method. 
Due to the production process of aluminium chloride by flame pyrolysis, the as-received 
alumina powder contained residual HCl. This was removed by washing with deionized 
water until a conductivity of 20 µS cm
-1
 was reached. 
For the loading of the alumina powder with corrosion inhibitor (BZT), the desired 
amount of inhibitor was dissolved in deionized water and alumina powder was added 
until a concentration of 10 wt% was reached. The slurry was stirred for 10 h on a 
magnetic stirrer, then freeze-dried at a temperature of −15°C. The dried powder 
containing BZT within the pores was re-dispersed in ethanol on a magnetic stirrer for 10 
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– 12 h. Subsequently, the mixture was treated by ultrasound (Sonifier 450, Branson, 
Danbury, USA) in an ice-bath for 30 min under stirring. 
For the re-dispersion, polyvinylbutyral (Mowital B30 T, supplied by KSE, 
Frankfurt/Maine) was used as surfactant to cover the alumina agglomerates sterically. 
The particle size distribution after re-dispersion was: d10 = 84.2 nm, d50 = 149.3 nm, 
d90 = 419.6 nm. 
The suspension of Al2O3 loaded with BZT was mixed with GPTS, and the preparation 
described in Section 3.1.4.1 was followed. The dip-coated specimens so produced are 
herein referred to as EPOXY-Al-4BZT10AluOx (coating contains 4% BZT), EPOXY-
Al-10BZT10AluOx (coating contains 10% BZT) and EPOXY-Al-16BZT10AluOx 
(coating contains 16% BZT). No ethanol was added to the solution during the 
preparation of these specimens. The measured coating thicknesses are presented in 
Table 3.3. 
 
Table 3.9: Thicknesses of EPOXY-Al sol-gel coatings with various proportions of BZT 
in AluOx nano-containers. 
Specimen 
thickness (μm) 
range Average (12 specimens) 
EPOXY-Al-4BZT10AluOx 10.96 – 13.40 12.5 
EPOXY-Al-10BZT10AluOx 16.50 – 21.67 19.8 
EPOXY-Al-16BZT10AluOx 17.85 – 21.63 19.6 
 
3.1.4.4 Non-inhibited EPOXY-Al coatings incorporating AluOx nanocontainers 
Further specimens of AA2024 T3, of dimensions 8 cm x 5 cm, supporting the EPOXY-
AL coating containing a range of concentrations of AluOx nano-containers (in the 
absence of inhibitor) were supplied by INM. The suspension of Al2O3 was mixed with 
GPTS and the preparation described in Section 3.1.4.1 was followed. The dip-coated 
specimens are herein referred to as EPOXY-Al-10AluOx (coating contains 10% 
AluOx), EPOXY-Al-20AluOx (coating contains 20% AluOx) and EPOXY-AlL-
30AluOx (coating contains 30% AluOx). 
 
3.1.5 AA2024 T3 supporting a TMEG sol-gel coating 
3.1.5.1 Non-inhibited TMEG coating 
MULTIPROTECT partners ICV provided specimens of the AA2024 T3 alloy that had 
been dip-coated with a sol-gel (TMEG), which was prepared using the following 
precursors: 
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tetraethoxysilane (TEOS, 98%, supplied by ABCR), 
methacryloxypropyl trimethoxysilane (MPTS, 98%, supplied by ABCR), 
colloidal SiO2 (Ludox-4S, aqueous suspension 40 wt%, particle size 20 nm, pH 9, 
supplied by Aldrich), 
ethyleneglicol dimethacrylate (EGDMA, 98%, supplied by Aldrich), 
glycidyl methacrylate (GMA, 98%, supplied by Aldrich), 
2,2‘-azobis(isobutyronitrile) (AIBN, 98%, supplied by Aldrich). 
Cerium nitrate (Ce(NO3)3•6H2O, 99%, supplied by Aldrich) was added as source of 
cerium ions (III). 
The molar ratio of TEOS:MPTS:EGDMA:GMA was 60:25:10:5. The colloidal silica 
suspension was added at a 35 mol% ratio with respect to total alkoxides (TEOS plus 
MPTS). The mixture was hydrolysed by addition of concentrated HNO3 (0.6 vol%), 
giving a pH of 2 − 3. Finally, the polymerisation initiator AIBN was added in a relation 
of 0.01 moles per mol of C=C groups present in the monomers. 
The non-inhibited coating (TMEG, Figure 3.2a) consists of sol-gel without cerium, 
deposited by dip-coating. 
 
3.1.5.2 Inhibited TMEG-5CeN coating 
Specimens of the AA2024 T3 alloy supporting a three-layer coating with non-inhibited 
TMEG layers of thickness 2.5 µm above and below an intermediate cerium-containing 
layer of thickness 3 µm (total coating thickness = 8 µm) were also supplied by ICV. In 
the preparation of this coating (denoted TMEG-5CeN), the sol was doped with cerium 
salt at the end of the synthesis keeping a Ce/Si molar ratio of 5/95. Figure 3.2b shows 
schematically the coating structure. The structure of the inhibited system was developed 
to create a reservoir for the inhibitor species, allowing slow release. The action of the 
active compounds trapped in the intermediate layer should minimize corrosion 
phenomena at locations of coating defects or damage. 
 
3.1.5.3 Substrate pre-treatment 
Before application of the coatings, the AA2024 T3 substrate, was exposed to a three-
step cleaning procedure with a surface preparation including an alkaline cleaning 
(Metaclean T2001 – Chemie Vertrieb Hannover GmbH & Co KG), an alkaline etching 
(Turco Liquid Aluminetch Nr.2 – Turco Chemie GmbH) and a following step of acid 
etching (Turco Liquid Smutgo NC – Turco Chemie GmbH). The sample was then 
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rinsed with de-ionized water prior to contact with the - coating solution. Coatings were 
obtained by dip-coating at a withdrawal rate of 20 cm/min. The films were dried during 
4 hours at 60ºC to promote the polymerization and consolidated during 2 hours at 120 
ºC in air with a heating rate of 10 ºC/min. 
 
3.1.6 AA2024 T3 supporting a glass-like CeO2 coating 
Specimens of the AA2024 T3 alloy supporting a glass-like, environmentally=friendly 
CeO2-coating, were supplied by ICV. The coating was prepared using cerium nitrate 
Ce(NO3)3•6H2O as precursor. The preparation involved the addition of a surfactants 
mixture to 21.7% cerium nitrate solution (alcoholic). After complete dissolution, 6.5 ml 
of butanediol was added 30 min prior to application on the metal substrate. The final pH 
of the solution was approximately 2 and the sol was stored at 5 ºC. Coatings were 
obtained by dip-coating at a withdrawal rate of 40 cm/min. The films were dried for 4 
hours at 120ºC. 
 
3.1.7 AA2024 T3 supporting methacryloxy-based sol-gel coatings 
Specimens of AA2024 T3 supporting a methacryloxy based sol-gel coating in the 
presence or absence of strontium aluminium polyphosphate (SAPP) as inhibitor were 
supplied by EADS. Each coating was prepared according to one of three routes, 
designated A, B or C, as follows: 
 
Route A The hybrid sols were produced by controlled hydrolysis of the respective 
precursors. The precursors were mixed in a beaker and continuously agitated by a 
magnetic stirrer while the catalyst HNO3 (0.1 mol l
-1
) was added. The amount of HNO3 
added was set to reach the stoichiometric amount of hydrolysable alkoxide groups in the 
formulation (e.g. 4 mol of water for 1 mol of TEOS). The resultant two-phase solution 
was cooled in a water-bath and vigorously stirred for 1 h to induce mixing and initiate 
hydrolysis. Corrosion inhibitors (either particle-based as in the case of strontium 
aluminium polyphosphate (SAPP) or soluble organic compounds) were added (3 wt.% 
of the sol-gel formulation) to the sol at the end of hydrolysis prior to the deposition by 
dip coating for sols. In the case of methacryloxy based sol-gel hybrid coatings 2,2-
azobis(2-methylbutyronitrile) was added (2 wt.% of the sol-gel formulation) for the 
thermal initiation of radical polymerisation and the formation of the organic network. In 
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some cases, 2,3-epoxypropylmethacrylate (EPM) was added to the methacryloxy based 
coatings prior to the coating preparation. 
 
Route B: Preparation included the incorporation of SrAl(PO4)x (strontium aluminium 
polyphosphate, SAPP) in a dispersed form. The dispersion was produced from the 
powder material by chemo-mechanical treatment by Bühler Partec GmbH 
(Saarbrücken). For preparation of the sols, the respective precursors were mixed in a 
beaker and continuously agitated by a magnetic stirrer. The dispersed 
aluminiumpolyphosphate (10 wt.% dispersion) was acidified with HNO3. (0.1 mol l
-1
) 
and then added to the precursors for the hydrolysis step as a catalyst in the same amount 
as the water used for other sols. The resultant bi-phase solution was vigorously stirred at 
room temperature to induce mixing and initiate hydrolysis. The solution became a 
single-phase sol approximately 1 h after stirring. 2,2-azobis(2-methylbutyronitrile) was 
added (2 wt.% of the sol-gel formulation) for the thermal initiation of radical 
polymerisation and the formation of the organic network. 
 
Route C: The silicon based precursors are pre-hydrolysed by addition of HNO3 (0.1 
mol l
-1
) in a stoichiometric amount of hydrolysable alkoxide groups. The resultant two-
phase solution was cooled in a water bath and vigorously stirred for 1 h to induce 
mixing and initiate hydrolysis. Meanwhile ZNP was mixed with acetic acid (1 mol 
acetic acid per mol alkoxide group) and stirred for 1 h. After complete hydrolysis of the 
silicon precursors and complexation of the ZNP, the complexed ZNP was slowly poured 
into the hydrolysed silicon precursors. PETT was added to the sol prior to the coating 
preparation. 
 
The sol-gel precursors used in the above coating preparations are summarised in Table 
3.4 (p112). The designations given to the coated AA2024 T3 specimens are summarised 
in Table 3.5 (p107). 
 
3.1.8 AA2024 T3 supporting methacryloxy-based sol-gel coatings with primer 
and top-coat 
Specimens supporting the DR70711-2 sol-gel coating plus a primer (in the presence or 
absence of various inhibitors) and top-coat and specimens supporting the DR070828 
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sol-gel coating plus a primer (in the presence or absence of various inhibitors) and top-
coat were also supplied by EADS. These are listed in Tables 3.6 and 3.7. 
 
Table 3.10: Sol-gel precursors used by EADS. 
Substance Abbreviation Supplier 
3-glycidyloxypropyltrimethoxysilane GPTMS ABCR 
3-methacryloxypropyltrimethoxysilane MPTMS ABCR 
Tetraethoxysilane TEOS ABCR 
Phenyltrimethoxysilane PhTMS ABCR 
Aminopropyltriethoxysilane APTES Fluka GmbH 
Aluminium-n-butoxide ASB Fluka GmbH 
Zirconium-n-propoxide ZNP ABCR 
Epoxy resin D.E.R. 732 - Fluka GmbH 
Pentaerythritol tetraacrylate PETT ABCR 
2,3-epoxypropylmethacrylate EPM Fluka GmbH 
2,2-azobis(2-methylbutyronitrile) VAZO 67 Fluka GmbH 
Ethylacetoacetate EtAc Fluka GmbH 
Nitric acid  Fluka GmbH 
Acetic acid  Fluka GmbH 
 
Table 3.11: Specimens supporting methacryloxy-based sol-gel coatings (EADS) 
Specimen inhibitor in sol-gel preparation route 
DR070711-2 Non-inhibited A 
DR060717 Non-inhibited A 
DR070112 Non-inhibited C 
DR070828 SAPP B 
DR070515 SAPP B 
 
Table 3.12: Specimens supporting the DR70711-2 sol-gel coating plus primer/topcoat. 
Specimen inhibitor in sol-gel inhibitor in primer 
AE2110 Non-inhibited Non-inhibited 
AE2210 Non-inhibited MBT, low concentration 
AE2410 Non-inhibited MBT, high concentration 
AE2610 Non-inhibited MBI 
AE2710 Non-inhibited BZT 
AE2910 Non-inhibited strontium chromate 
 
Table 3.13: Specimens supporting the DR070828 sol-gel coating plus primer/topcoat. 
Specimen inhibitor in sol-gel inhibitor in primer 
AE3110 SAPP Non-inhibited 
AE3210 Non-inhibited MBT, low concentration 
AE3410 SAPP MBT, high concentration 
AE3610 SAPP MBI 
AE3710 SAPP BZT 
AE3910 SAPP strontium chromate 
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3.1.9 DC01 steel supporting an EPOXY-Fe sol-gel coating 
Specimens of steel (DC01 – composition Fe = 99.19, C = 0.120, P = 0.045, S = 0.045, 
Mn = 0.600) were supplied by INM. The steel substrates had been cleaned in an 
ultrasonic bath containing alkali activating cleaner Gardoclean 360 (supplied by 
Chemetall GmbH, Frankfurt) at 50 – 65 °C for 5 min= before dip coating. The EPOXY-
FE sol-gel was prepared by the following procedure: 
A Boehmite suspension was prepared by adding 0.1 N hydrochloric acid to aluminium 
oxide/hydroxide sol P3 and stirring overnight at room temperature. On the same day, an 
aluminium complex was prepared by adding Al-sec. butylate dropwise to 2-butanol, 
then adding acetylacetone and stirring for at least 1 h. In a separate reaction vessel, a 
zircon complex was prepared by dropwise addition of Zr(IV)butylate and acetylacetone 
to ethanol, stirring for at least 1 h. 
On the following day, 0.5 N HCl was added to GPTES and TEOS and the mixture 
stirred until hydrolysis was complete. The aluminium complex was then added quickly 
by means of a Gilson pipette, followed by addition of the Zr complex by the same 
method. The mixture was stirred for 5 h, then the boehmite suspension was added and 
the mixture stirred for a further 30 m. Araldite CY179 and thinning agent isopropoxy-
ethanol (IPE) were added immediately prior to dip-coating.  
Specimens supporting uninhibited EPOXY-Fe were supplied along with specimens 
supporting EPOXY-Fe doped with BZT, cerium molybdate or cerium nitrate. 
Specimens of uncoated DC01 steel were also supplied. 
 
3.1.10 Summary of specimens 
A full list of the specimens detailed in the previous sections is given below: 
i) Bare AA2024 T3 (aluminium/copper/magnesium) alloy, supplied by EADS; 
ii) AA2024 T3 after chromate conversion coating (CCC) supplied by EADS; 
iii) AA2024 T3 after anodizing in chromic acid (CAA) or in tartaric sulphuric acid 
(TSA), supplied by EADS; 
iv) AA2024 T3 supporting an uninhibited EPOXY-Al in a range of coating 
thicknesses, prepared at INM; 
v) AA2024 T3 supporting EPOXY-Al doped with 4%, 10% and 16% BZT, 
prepared at INM; 
vi) AA2024 T3 supporting EPOXY-Al containing uninhibited AluOx particles (in a 
concentration of 4, 10 and 16%) supplied by INM; 
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vii) AA2024 T3 supporting EPOXY-Al doped with 4%, 10% and 16% BZT in 10% 
AluOx, supplied by INM; 
viii) AA2024 T3 supporting an uninhibited sol-gel coating (TMEG), supplied by 
ICV; 
ix) AA2024 T3 supporting a three-layer sandwich coating incorporating cerium 
nitrate in the middle layer (TMEG-5CeN), supplied by ICV; 
x) AA2024 T3 supporting a glass-like coating of pure cerium oxide from cerium 
nitrate, supplied by ICV; 
xi) AA2024 T3 supporting uninhibited sol-gel coatings both with and without an 
uninhibited primer and top coat supplied by EADS; 
xii) AA2024 T3 supporting SAPP-doped sol-gel coatings with uninhibited primer 
and top coat supplied by EADS; 
xiii) AA2024 T3 supporting uninhibited sol-gel coatings with primer doped with 
various inhibitor species, supplied by EADS; 
xiv) AA2024 T3 supporting SAPP-doped sol-gel coatings with primer doped with 
various inhibitor species, supplied by EADS; 
xv) Steel (DC01) supporting an uninhibited EPOXY-Fe coating in a range of coating 
thicknesses (supplied by INM); 
xvi) Steel (DC01) supporting an EPOXY-Fe coating doped with 4%, 10% and 16% 
BZT (supplied by INM); 
xvii) Steel (DC01) supporting an EPOXY-Fe coating doped with 4%, 10% and 16% 
cerium nitrate (supplied by INM). 
 
3.2 Procedure 
3.2.1 Glow discharge optical emission spectroscopy (GDOES) 
Glow discharge optical emission spectroscopy (GDOES) has been shown to be a fast, 
powerful and reproducible technique
125,126,127
 for elemental depth profiling of thin films 
by sputtering with ionised argon species (Ar
+
 ions) with a very low energy of ~50 eV
128
. 
In this study, a Jobin Yvon RF5000 GD Profiler was used at an rf frequency of 13.56 
MHz to produce controlled defects (craters) of 4 mm diameter within the specimens 
received from Multiprotect Partners. The power and pressure employed were adapted 
according to the various coatings and uncoated substrates studied to give, where 
possible, the optimum conditions for depth resolution and flat-bottomed crater 
morphology. This aspect is described in detail in Section 3.2.1.4. 
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During sputtering, the samples were cooled to a temperature of 15 °C for sputtering 
times of up to 180 s. For sputtering times in excess of 180 s, cooling to 10 °C was 
applied. The wavelengths (in nanometres) of the spectral lines employed for the 
detection of relevant elemental species were: Al, 396.15; O, 130.2; Si, 288.2; Cu, 325; 
Mg, 383.8; C, 156.1; Fe, 372.0; Mn, 403; Cr, 425; Ce, 419; N, 149; H, 122; Mo, 386; P, 
178; S, 181; Sr, 461; Zr, 339; Cl, 135; Na, 590. 
The sputtered specimens were subjected to a corrosive environment (e.g. immersion in 
35 g l
-1
 NaCl solution for 2 days), after which elemental depth profiles were obtained by 
GDOES sputtering within the 4 mm craters, but now using a 2 mm diameter source. 
Accurate re-alignment of the craters with the source was achieved by affixing horizontal 
and vertical scales in the vicinity of the GD-profiler anode. During the initial sputtering 
(using the 4 mm diameter source) a note was made of the position of the bottom and the 
left-hand side of the specimen relative to the anode. 
Elemental depth profiles of the bulk surface were also obtained using both the 4 mm 
and 2 mm diameter source after immersion tests. This investigative approach is outlined 
schematically in Figure 3.3. 
 
3.2.1.1 Elemental depth profiles 
The elemental depth profiles obtained during GDOES sputtering before and after 
exposure of the specimens to a corrosive environment provide both a qualitative 
estimate of the extent of corrosion and a quantitative measure of the movement of active 
species from the bulk coating to the substrate exposed in the craters, as described below. 
An example of an elemental depth profile, obtained during GDOES sputtering of the 
uncoated, alkaline etched and de-smutted AA2024 T3 alloy (subsequently referred to as 
the bare alloy) is shown in Figure 3.4a. This untreated profile is that which is apparent 
on the VDU monitor upon acquisition. Figure 3.4b shows the same profile after 
application of a Gaussian smoothing algorithm termed Window
129
. Other smoothing 
algorithms, such as Fourier Transform, are available in the Quantum XP software, but 
only Window smoothing can be used for non-equally spaced data. For other smoothing 
types, the software first transforms the data from non-equally to equally spaced, which 
can lead to distortion of the depth profiles. Figure 3.4c displays the smoothed profile, 
but now expanded to show the area of interest (i.e. the near surface including the natural 
oxide film). In this view, multiplication factors have been applied to the oxygen, copper 
and chromium profiles to improve their clarity. 
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Comparison of elemental depth profiles obtained by GDOES sputtering of multiple 
specimens, or of several areas on one individual specimen, is facilitated by exporting 
the data to Excel. It is then possible to present several profiles on one graph and to 
present each element on a separate graph (thus avoiding the need to apply multiplication 
factors to certain elements). 
 
3.2.1.2 Relative elemental abundances 
Consideration of the relative abundances (yield x sputtering time) of aluminium and 
oxygen in the elemental depth profiles obtained using the 4 mm or the 2 mm source 
provides further information on the response of a specimen to immersion. The areas 
under the curves between the point of initiation of sputtering and revelation of the 
coating/alloy or oxide/alloy interface were calculated using the Quantum XP software. 
For each element, the integral is understood to represent the quantity of that element 
sampled during sputtering. From the integral values, ratios of aluminium to oxygen, 
copper to oxygen and aluminium to chromium were calculated for each crater and as an 
average over 12 craters on each specimen. An example is given in Table 3.8 (p112). 
Note, in Table 3.8, that the amount of copper sampled in each crater shows some 
variation (due to an uneven distribution of secondary particles across the specimen 
surface area) and that a larger quantity of copper correlates with a longer sputtering time 
required to reduce the oxygen signal to one-half of its peak value. This, in turn, means 
that more chromium is sampled during the time of sputtering considered. 
 
3.2.1.3 Sputtering conditions 
The depth resolution achieved during GDOES sputtering depends on the plasma 
conditions and hence on the power and pressure employed
126
. For the bare alloy, for 
example, the optimum conditions have been shown to be 35 W, 635 Pa. These 
conditions are also favourable for sputtering the alloy supporting a chromate conversion 
coating or an anodized film. However, it is not advisable to use such conditions when 
sputtering sol-gel coatings as heat damage to the coating would result, even with the 
application of cooling to the cathode. Thus, a lower power regime must be used, 
resulting in an increased sputtering time and a reduction in depth resolution. 
Figure 3.5 shows the aluminium depth profiles obtained during GDOES sputtering of 
one specimen of the bare alloy under the different regimes of power and pressure used 
in the present work. 
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Table 3.14: Relative elemental abundances and ratios calculated from an elemental 
depth profile obtained by GDOES sputtering. 
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3.2.1.4 Sputtering of thick and/or multi-layered coatings 
Specimens supplied by EADS included AA2024 T3 alloy supporting sol-gel coatings 
with applied primer and top coats. The thickness (~ 80 μm) and hardness of such 
specimens, along with the necessity to use a low power plasma source during GDOES, 
resulted in sputtering times in excess of three hours. Plasma conditions depend on the 
distance of the surface from the anode, so thick coatings and long sputtering times lead 
to generation of non-uniform craters and to degradation of depth resolution. Further, 
difficulties were encountered in maintaining the reliability and consistency of argon ion 
generation, requiring the generator to be rebuilt. 
An alternative approach to investigating the migration of inhibitor species was therefore 
developed, as described in the following section. 
 
3.2.2 Artificial cells 
Artificial cells, differing from the cell comprising the controlled defect generated by 
GDOES, were constructed in which the specimens supplied by EADS were cut to 
dimensions of 2 x 5 cm and located in close proximity to the bare alloy. The cells were 
sealed on three sides using beeswax to provide hydraulic tenure and ready dismantling 
of the cells for subsequent GDOES analysis. Such a cell is shown schematically in 
Figure 3.6. 
In an initial study, cells were filled with 3.5 % NaCl solution and allowed to stand for 
two days. The surface of the bare alloy from the cells was then analysed by GDOES to 
assess movement of species from the coated material, through the solution, to the 
control specimen. 
This study was extended to include specimens supplied by INM on both AA2024 T3 
and DC01 steel substrates. Three series of experiments were set up, the cells of each 
individual series being run in parallel to ensure common conditions of ambient 
temperature and atmospheric pressure: 
Series a: An array of controlled scratches was produced in the coated specimens using a 
scalpel before constructing the cells. The cells were then filled with 35 g l
-1
 NaCl 
solution and operated for 5 h before GDOES analysis of the bare alloy was undertaken 
to assess the extent of corrosion and migration of species. 
Series b: Coated specimens without any scratches were incorporated into the cells. The 
cells were then filled with 35 g l
-1
 NaCl solution and operated for 200 h before GDOES 
analysis of the bare alloy was undertaken to assess the extent of corrosion and migration 
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of species. For specimens supporting sol-gel coatings plus primer and top-coat, GDOES 
profiling at a low power was utilized, before construction of the cell, to produce 
controlled damage to the primer without fully penetrating the sol-gel coating. This 
facilitates diffusion of inhibitor species from the primer but does not expose the 
AA2024 T3 substrate. 
Series c: The coated specimens were scratched before constructing the cells, as for 
series a. The cells were then filled with 3.5% NaCl solution and operated for 200 h 
before GDOES analysis of the bare alloy was undertaken to assess the extent of 
corrosion and migration of species. 
Tables 3.9 and 3.10 (pp 115 – 116) list the coated AA2024 T3 and DC01 specimens 
used in the artificial cell experiments. 
The relative abundances of aluminium and copper, and the calculated ratios of oxygen 
to aluminium and oxygen to copper, sampled in the corrosion products on the bare alloy 
from the artificial cells are tabulated in Appendix A.  
 
3.2.3 Electrochemistry 
3.2.3.1 Potential/time and polarisation 
An electrochemical investigation, including examination of the potential/time and 
polarisation behaviour, was undertaken for the bare alloy and for specimens supporting 
the chromate conversion coating or the anodic film, each in the presence and absence of 
a GDOES crater. The initial aim was to develop understanding of processes proceeding 
within the crater and the contribution of the macroscopic surface. The polarisation 
behaviour was recorded by a GillAC potentiostat (ACM instruments) using a three-
electrode cell. A saturated calomel electrode (SCE) and a platinum electrode were used 
as reference and counter electrodes, respectively, with the specimen as the working 
electrode. The electrolyte used was 35 g l
-1
 NaCl solution (350 ml) and the exposed area 
was ~ 1 cm
2
. Additionally, the specimens contained a single 4 mm diameter GDOES 
crater (defect area about 13 mm
2
). The potential/time behaviour during the initial one 
hour of immersion was recorded (1 reading per second), followed by a potential sweep 
from 400 mV below the corrosion potential to 1200 mV above the corrosion potential at 
60 mV per minute. 
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Table 3.9: Coated AA2024 T3 specimens used artificial cell experiments. 
Cell # Coated specimen Cell # Coated specimen 
10 EPOXY-Al concentrated 33 
Non-inhibited sol-gel + inhibited 
primer (MBT, high concentration) 
11 EPOXY-Al-10EtOH 34 
Non-inhibited sol-gel + inhibited 
primer (MBI) 
12 EPOXY-Al-20EtOH 35 
Non-inhibited sol-gel + non-
inhibited primer 
13 EPOXY-Al-30EtOH 36 
Inhibited sol-gel (SAPP) + 
inhibited primer (BZT) 
14 EPOXY-Al-4BZT 37 
High inorganic content sol-gel, 
non-inhibited 
15 EPOXY-Al-10BZT 38 
Non-inhibited sol-gel + Zr 
precursor, no primer 
16 EPOXY-Al-16BZT 39 
High inorganic content inhibited 
sol-gel (SAPP) 
17 EPOXY-Al-4BZT10AluOx 40 
Inhibited sol-gel (SAPP) + 
inhibited primer (MBT) 
18 EPOXY-Al-10BZT10AluOX 41 Inhibited sol-gel (SAPP) 
19 EPOXY-Al-16BZT10AluOX 42 
High organic content sol-gel, non-
inhibited 
20 EPOXY-Al-10AluOx 43 CAA unsealed (same as in cell 24) 
21 EPOXY-Al-20AluOx 44 CCC, yellow (same as in cell 26) 
22 EPOXY-Al-30AluOx 45 CCC, alt (same as in cell 27) 
23 
Bare alloy on both sides 
(reference) 
46 CAA sealed (same as in cell 25) 
24 CAA unsealed 47 
Inhibited sol-gel (SAPP) + 
inhibited primer (MBT, high 
concentration) 
25 CAA sealed 48 
Inhibited sol-gel (SAPP) + 
inhibited primer (SrCrO4) 
26 
Standard conversion coating, 
―CCC, yellow‖ 
49 TSA anodized (sealed) 
27 
Alternative (Cr
2+
-
based)conversion coating, 
―CCC, alt‖  
50 TSA anodized (unsealed) 
28 
inhibited sol-gel (SAPP) + 
uninhibited primer 
51 TMEG, uninhibited 
29 
Non-inhibited sol-gel + 
inhibited primer (MBT, low 
concentration) 
52 TMEG 5CeN 
30 
inhibited sol-gel (SAPP) + 
inhibited primer (MBI) 
53 CeO2CeN 
31 
Non-inhibited sol-gel + 
inhibited primer (SrCrO4) 
54 Bare alloy on both sides (reference) 
32 
Non-inhibited sol-gel + 
inhibited primer (BZT) 
55 TMEG methacrylate 
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Table 3.10: Coated DC01 steel specimens used in artificial cell experiments. 
Cell # Coated specimen Cell # Coated specimen 
56 EPOXY-Fe-4BZT 64 EPOXY-Fe-30IPE 
57 EPOXY-Fe-10BZT 65 EPOXY-Fe-45IPE 
58 EPOXY-Fe-16BZT 66 
Uncoated steel on both sides of cell 
(reference) 
59 EPOXY-Fe-4CeN 67 
EPOXY-Fe concentrated, on both sides 
of cell 
60 EPOXY-Fe-10CeN 68 EPOXY-Fe-15IPE, on both sides of cell 
61 EPOXY-Fe-16CeN 69 EPOXY-Fe-30IPE, on both sides of cell 
62 EPOXY-Fe concentrated 70 EPOXY-Fe-45IPE, on both sides of cell 
63 EPOXY-Fe-15IPE   
 
Further studies of the electrochemical behaviour of specimens supporting GDOES 
craters or defects were also undertaken, in which the potential sweep was terminated at 
selected potentials, and the specimen left immersed in the electrolyte for two hours 
before imposition of further potential sweeps. The outcome of these investigations is 
discussed in Chapter 4 of this study. 
 
3.2.3.2 Split cell 
The split cell technique allows the generation of a net anode and a net cathode on two 
identical AA2024 T3 aluminium alloy specimens by differential aeration in two 
compartments of the cell that are separated by a porous glass frit (shown schematically 
in Figure 3.7). The net current between the anode and cathode is then recorded by a zero 
resistance ammeter (ZRA). This setup has several advantages compared with usual DC 
or AC techniques. Firstly, the polarization induced by the differential aeration on the 
freely corroding system is relatively small compared with traditional DC technique, 
providing small perturbations to the corrosion process. Secondly, the absence of oxygen 
in one of the two cell compartments eliminates the local increase in pH associated with 
the cathodic reaction of oxygen reduction. This is particularly useful when allied with 
scanning electron microscopy of the specimens used in the split cell experiment, in 
order to determine if the inhibition process is related to pH changes. 
Initially, the effectiveness of additives such as BZT as anodic and/or cathodic inhibitor 
has been investigated by adding the inhibitor to either the anodic or cathodic side of the 
split cell. For this experiment, AA2024 T3 aluminium alloy specimens were degreased 
in acetone, etched for 30 sec in 10 % wt. NaOH at 60 °C and desmutted in a 30% vol. 
HNO3 solution. After pre-treatment, the specimens were assembled to form spade 
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electrodes and subsequently masked to expose an area of 2 cm
2
 to the electrolyte. One 
alloy specimen was immersed in each compartment of the split cell and the two 
specimens were connected trough a ZRA. The electrolyte was stirred 3.5 % wt. NaCl, 
naturally aerated at the beginning of the experiment. The two alloy specimens were 
immersed in the electrolyte for 15 minutes and, subsequently, nitrogen was passed in 
one compartment and air in the other. This resulted in the generation of a net anode 
(nitrogen compartment) and a net cathode (air compartment). After 15 minutes from the 
beginning of the experiment, and at 15 minute intervals thereafter, 10 ppm BZT was 
added to the cathodic or the anodic side. This was continued until 10 additions had been 
made, taking the total added inhibitor to 100 ppm. The results of this investigation are 
presented in Chapter 7. 
 
3.3 Characterisation 
White light interferometry, optical microscopy, scanning and transmission electron 
microscopies (SEM/EDX and TEM), X-ray photoelectron spectroscopy (XPS) and 
medium energy ion spectroscopy (MEIS) were used to provide further quantification of 
the controlled damage and possible migration of species. 
 
3.3.1 XPS 
In XPS, the specimen is bombarded with X-rays of sufficient energy to induce the 
ejection of core electrons. The kinetic energy of the emitted electrons (Ek) is related to 
the binding energy (EB) of that electron in an atom or molecule of the specimen and to 
the energy of the incident X-radiation (hυ) according to the equation: 
 
Ek = hυ − EB. 
 
Thus, XPS provides a sensitive technique for the chemical analysis of a surface. 
Further, the precise value of the binding energy for a given type of atom depends on its 
chemical environment, giving rise to a so-called chemical shift effect. This effect allows 
identification of different oxidation states
130
. In the present study, XPS has been used to 
confirm the presence of chromate-containing species on the surface of the AA2024 T3 
substrate exposed at the base of a 4 mm GDOES crater after immersion testing. 
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3.3.2 MEIS 
In the MEIS technique, the sample is bombarded by a beam of ions (H
+
 or He
+
) of 
discrete energy (~ 100 keV). The energy distribution of the ions deflected from the 
sample is a function of (i) the mass ratio of the incident ion and scattering atom and (ii) 
the depth of the scattering atom below the surface
131,132
. The resulting (experimental) 
spectrum can be modelled using software (SIMNRA), which generates a theoretical 
spectrum based on the expected composition of the layers sampled. In the present study, 
theoretical spectra based on the certified composition of the as-received alloy and 
compositions based on GDOES profiling have been compared with experimental 
spectra. 
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Sol-Gel Precursors Organic Monomers  
 
Methacryloxypropyl 
Trimethoxysilane 
MPS 
 
 
 
 
 
tetraethoxysilane  
TEOS 
 
 
 
 
 
 
Etylenglicol dimethacrylate 
EGDMA 
 
 
 
Glycidyl methacrylate 
GMA 
Figure 3.1: Structural formulae of sol-gel precursors 
 
 
 
 
 
 
 
 
 
 
a)                                             b) 
Figure 3.2: Schematic structures of a) the TMEG and b) the TMEG 5CeN sol-gel coatings. 
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a)                                                                          b) 
Figure 3.3: Schematic diagrams showing the areas of a specimen examined by GDOES profiling 
using the 4 mm diameter source or the 2 mm diameter source: a) before immersion; b) after 
immersion. 
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a)                                                                b) 
 
c) 
Figure 3.4: Elemental depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy: a) full profile as it appears upon acquisition; b) full profile after 
mathematical smoothing c) expansion of profile to show the area of interest. Note that 
multiplication factors have been applied to some of the profiles in part c) to improve their visibility. 
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Aluminium depth profiles obtained using the 4 mm source to sputter the bulk surface of the bare 
AA2024 T3 alloy (plate 7', not immersed)
0
10
20
30
40
50
60
70
80
0 0.5 1 1.5 2 2.5 3 3.5 4
Sputttering time (s)
In
te
n
s
it
y
 (
V
)
20 W, 635 Pa 10 W, 900 Pa 35 W, 635 Pa
 
Figure 3.5: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy under various plasma conditions. 
 
 
S
o
l
-
g
e
l
 
w
i
t
h
 
B
Z
T
A
A
2
0
2
4
-
T
3
S
o
l
-
g
e
l
 
w
i
t
h
 
B
Z
T
A
A
2
0
2
4
-
T
3
  
Figure 3.6: Schematic diagram of an artificial cell. 
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Nitrogen Air
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Figure 3.7: Schematic view of the experimental setup used for split cell experiments, showing the 
electrodes (AA2024 T3) in individual compartments separated by a glass frit. The compartments 
are made anodic or cathodic by bubbling in nitrogen or oxygen, respectively. 
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4 Standard Chromium-Containing Inhibitors – Comparison of Bare AA2024 
T3 Alloy with Anodized Film and Conversion Coating 
4.1 Elemental depth profiling - overview 
This chapter outlines an initial study involving the bare alloy and specimens supporting 
standard conversion coatings or anodic films. The 4 mm diameter plasma source on a 
Glow Discharge Optical Emission Spectrometer (GDOES) was used to produce 12 
controlled defects (craters) on specimens of dimensions 80 mm x 50 mm, as described 
in section 3.2.1. The total defect area was thus approximately 151 mm
2
 on an overall 
specimen area of 4000 mm
2
. 
All elemental depth profiles were smoothed and the areas under the curves, from 
initiation of sputtering to revelation of the coating/alloy or oxide/alloy interface, were 
calculated as described in Section 3.2.1.1. 
 
4.1.1 Locating the boundary between substrate and oxide film 
The coating/substrate interface is located at the point on the oxygen depth profile where 
the oxygen signal has decreased to one-half of the peak value. Thus, before immersion 
testing, the sputtering time required for the intensity of the oxygen signal to decrease to 
one-half of its peak value gives an indication of the film or coating thickness. Table 4.1 
lists the average sputtering times at which the oxygen intensity is reduced to one-half of 
its peak value for twelve craters on each specimen. The error in estimating time was 
calculated as plus or minus one-half of the range of values for the 12 craters (i.e. one-
half of the difference between the maximum and minimum values obtained). 
 
Table 4.1: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering various specimens using the 4 mm diameter or the 2 mm 
diameter source, before and after immersion in 35 g l
-1
 NaCl solution. 
              a
sputtering the bulk surface; 
b
sputtering within previously generated 4 mm craters 
Specimen Sputtering time to reduce the oxygen intensity to one-half peak value (s) 
Control specimen  After immersion in 35 g l
-1
 
NaCl solution. 
After immersion 
in 35 g l
-1
 NaCl / 
1M chromate 
solution. 
4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
b
 
Bare 0.25 0.52 1.2 6.8 3.8 3.0 0.77 1.8 
CAA 110 43 0.6 156 34 3.5 117 1.2 
CCC 1.4 1.1 0.8 2.7 1.8 1.3 2.3 0.8 
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When using the 4 mm diameter source to sputter the bulk surface of the bare alloy 
before immersion testing, the error in estimating time was ± 0.2 s, while the 2 mm 
diameter source gave an error of ± 0.1 s. Similar errors were noted when sputtering the 
bulk surface of the conversion-coated specimens using the 4 mm and 2 mm diameter 
sources before immersion. However, an increased error of ± 7.7 s was noted when using 
the 4 mm diameter source to sputter the bulk surface of the specimen supporting an 
anodized film before immersion. This may be due to significant variations in thickness 
of the anodized film across the specimen surface area. 
After two days of immersion in 35 g l
-1
 NaCl solution, profiles obtained using the 4 mm 
diameter source to sputter the bulk surface of the bare alloy gave an error of ± 0.1 s, 
while the 2 mm diameter source gave an error of ± 1.3 s. Similar errors were noted 
when sputtering the bulk surface of the conversion-coated specimen using the 4 mm and 
2 mm diameter sources after immersion under similar conditions. These observations 
suggest that the accuracy of the 2 mm diameter source may be more adversely affected 
by increased surface roughness, compared with the accuracy of the 4 mm diameter 
source. 
When using the 2 mm source to sputter within the 4 mm craters on the bare alloy after 
immersion in 35 g l
-1
 NaCl solution, the error in estimating time was comparable to that 
obtained when sputtering the bulk surface using the 2 mm source (± 1.3 s). This 
suggests a similar increase in surface roughness of the bare alloy inside the 4 mm crater 
and on the bulk surface during the immersion test. 
After two days of immersion in the chromate-containing solution, the error in estimating 
time when sputtering inside the 4 mm craters on the bare alloy was ± 2.2 s. This may be 
due to the formation of an altered layer (corrosion products or protective film) of 
variable thickness within the craters. 
The error in estimating time when using the 2 mm source to sputter inside the 4 mm 
craters on the CAA specimens after two days of immersion in 35 g l
-1
 NaCl solution 
was ± 3.1 s. This suggests a significant variation in the thickness of material sampled 
inside each of the craters in the anodized specimen. 
The error in the sputtering times obtained using the 2 mm diameter source to sputter 
inside the 4 mm craters in the conversion-coated specimen after two days of immersion 
in 3.5% NaCl solution under similar conditions was ± 0.5 s, indicating little variation in 
the thickness of the material sampled. 
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The sputtering time needed to reduce the oxygen signal to one-half of the peak intensity 
after the immersion testing gives a measure of the thickness of any corrosion products 
that may be present, or of any protective film that may have formed during the 
immersion test. If two specimens show the same thickness of corrosion products, but 
different ratios of aluminium to oxygen, this could be interpreted as representing 
different corrosion products (Al2O3, Al(OH)3, AlOOH) or different mechanisms of 
corrosion propagation. These possibilities can be resolved and separated by subsequent 
SEM and/or TEM characterisation. 
 
4.1.2 Immersion testing 
The specimens supporting the 4 mm GDOES craters were immersed in a constant 
volume (250 ml) of 35 g l
-1
 NaCl solution for two days, followed by re-examination of 
the controlled defects by GDOES using the 2 mm diameter source. When active species 
were detected in the elemental depth profiles obtained using the 2 mm diameter source 
to sputter inside the 4 mm craters, these were inferred to have diffused from the bulk 
surface, through the solution, into the crater. Further, if active species have been 
transferred from the bulk surface to the crater during immersion, a reduction in the 
abundance of these species in the coating would be expected. Thus, the elemental depth 
profiles obtained by sputtering the previously un-cratered surface after immersion are 
also informative. 
In order to further investigate the possible movement of chromium species, specimens 
of the bare alloy, and of the alloy supporting a chromate conversion coating or anodized 
film, each supporting twelve GDOES craters, were immersed in 35 g l
-1
 NaCl/1M 
chromate solution for two days, followed by re-examination of the defects using the 2 
mm diameter source. 
The ratios of chromium, oxygen and copper to aluminium and of oxygen to copper were 
calculated in order to compare the relative extents of corrosion for each specimen under 
the various conditions, and to correlate these with the behaviour of chromium as an 
inhibitor. The results are summarised in Tables 4.2 to 4.5 and discussed in detail in the 
following sections. 
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Table 4.2: The ratios of chromium to aluminium for the specimens investigated under 
various conditions. 
              a
sputtering of bulk surface; 
b
sputtering within previously generated 4 mm craters 
 
Table 4.3: The ratios of oxygen to aluminium for the specimens investigated under 
various conditions. 
              a
sputtering of bulk surface; 
b
sputtering within previously generated 4 mm craters 
 
Table 4.4: The ratios of copper to aluminium for the specimens investigated under  
various conditions. 
              a
sputtering of bulk surface; 
b
sputtering within previously generated 4 mm craters 
Specimen Chromium to aluminium ratios 
Control specimen (not 
subjected to immersion 
testing) 
After immersion in 35 g l
-1
 
NaCl solution. 
After immersion 
in 35 g l
-1
 NaCl/ 
1M chromate 
solution. 
4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
b
 
Bare 
(x100) 
0.42 0.5 0.24 0.67 0.67 0.46 30 7.6 
CAA 
(x100) 
1.2 1.5 0.27 1.2 1.3 1.1 14 5.9 
CCC 
(x100) 
950 900 0.64 330 330 1.4 620 13 
Specimen Oxygen to aluminium ratios 
Control specimen (not 
subjected to immersion 
testing) 
After immersion in 35 g l
-1 
NaCl solution. 
After immersion 
in 35 g l
-1
 NaCl/ 
1M chromate 
solution. 
4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
b
 
Bare 
(x100) 
35 32 11 48 37 39 25 2.0 
CAA 
 (x100) 
33 54 8.0 57 47 23 55 3.0 
CCC 
(x100) 
153 86 4.0 68 53 32 133 5.7 
Specimen Copper to aluminium ratios 
Control specimen (not 
subjected to immersion 
testing) 
After immersion in 35 g l
-1 
 
NaCl solution. 
After immersion 
in 35 g l
-1 
 NaCl/ 
1M chromate 
solution. 
4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
b
 
Bare 
(x100) 
24 21 9.0 27 58 93 15 9.0 
CAA 
(x100) 
1.9 3.4 8.9 2.3 4.3 41 2.2 8.7 
CCC 
(x100) 
59 44 9.0 30 34 52 38 9.6 
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Table 4.5: The ratios of oxygen to copper for the specimens investigated under various 
conditions. 
              a
sputtering of bulk surface; 
b
sputtering within previously generated 4 mm craters 
 
In brief, the GDOES data obtained before immersion testing immediately reveal the 
different thicknesses of the films or coatings, represented as sputtering times, present on 
the alloy surface. For example, the relatively thin air-formed film on the bare alloy is 
replaced by a conversion coating of increased thickness or an anodic film of 
significantly increased thickness. For the surfaces that have not been previously 
subjected to crater development by GDOES, the bare alloy reveals significant corrosion, 
after immersion in 35 g l
-1
 NaCl solution, compared with the alloy supporting the 
chromate treatments. This is also reflected in re-examination of previously generated 
craters, with increased sputtering times in the absence of an initial chromate treatment. 
In the presence of the added inhibitor in the NaCl solution, comparatively little change 
is evident for the macroscopic surface and within the craters. 
 
4.2 Bare alloy 
4.2.1 Immersion in 35 g l
-1
 NaCl solution 
4.2.1.1 Elemental depth profiles obtained using the 4 mm diameter source 
Before immersion test The elemental depth profile obtained using the 4 mm diameter 
source to sputter the bare alloy before immersion testing is presented in Figure 4.1. The 
presence of the air-formed alumina film over the macroscopic alloy surface is revealed 
in the aluminium and oxygen depth profiles during the first 0.2 s of sputtering. The 
aluminium (orange) and copper (green) signals show an initial increase to a plateau 
covering 0.05 s of sputtering time, followed by a further increase into the bulk material, 
with each signal finally levelling off at a maximum intensity which depends on the 
Specimen Oxygen to copper ratios 
Control specimen (not 
used in immersion 
testing) 
After immersion in 35 g l
-1
 
NaCl solution. 
After immersion 
in 35 g l
-1
 NaCl/ 
1M chromate 
solution. 
4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
a
 2 mm
b
 4 mm
a
 2 mm
b
 
Bare 
(x100) 
140 150 114 180 70 43 170 22 
CAA 
(x100) 
1700 1600 96 2400 1100 69 2500 34 
CCC 
(x100) 
260 190 43 230 620 5.1 360 58 
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operating parameters for a given anode size. The punctuated rise in intensity during the 
first 0.05 s represents the time needed for the plasma to stabilize after initiation. The 
aluminium signal reaches a maximum intensity of 110 arbitrary units after sputtering for 
1 s. 
Note that the oxygen signal in Figure 4.1 has been enhanced by a factor of 10 to 
improve the clarity. Thus, the oxygen signal increases to a maximum intensity of 10 
(i.e. 100/10) during the first 0.1 s of sputtering, before decreasing to reach one-half of 
its peak intensity after a total sputtering time of 0.18 s. There is some variation in 
thickness of the natural oxide coating over the specimen surface area, so that averaged 
over 12 GDOES craters, the sputtering time required to reduce the oxygen signal to one-
half its peak intensity is 0.25 s (Table 4.1, p122). This thickness variation may be due, 
in part, to the differential etching of matrix and second phase particles during surface 
pre-treatment, which results in an undulating surface with clusters of second phase 
particles protruding above the more rapidly dissolving alloy matrix. Variations in 
thickness also arise from compositional differences in the coating over the matrix 
(predominantly oxides of aluminium) and over the second phase particles (oxides of 
aluminium and of magnesium). 
The chromium signal obtained during GDOES sputtering (due to trace amounts of 
chromium in the alloy) remains at a constant background intensity of 0.05 (10/200) 
throughout the time of sputtering (ignoring the initial spike, which is an artefact of the 
plasma initiation process). 
 
After 2 days of immersion in 35 g l
-1
 NaCl solution The elemental depth profile 
obtained by sputtering the bulk surface of the bare AA2024 T3 alloy, using the 4 mm 
diameter source, after two days of immersion in 35 g l
-1
 NaCl solution is shown in 
Figure 4.2. The full profile is shown in Figure 4.2a, while Figure 4.2b is an expansion of 
the profile to show the area of interest. The increase in intensity of the aluminium and 
copper signals is less smooth than before immersion, taking place in steps. The 
aluminium signal reaches a maximum intensity of 90 after a total of 35 s of sputtering 
time (Figure 4.2a). 
The oxygen signal in Figure 4.2b has been enhanced by a factor of 10 for clarity. The 
oxygen signal increases to a peak intensity of 5 (50/10) during the first 1 s of sputtering. 
This intensity is partly contributed to by the initiation spike, hence the oxygen intensity 
rapidly decreases to 4 (40/10) and remains at roughly this intensity for a further 5 s of 
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sputtering time before decreasing to reach one-half of its peak value after a total 
sputtering time of 8 s. This compares with 0.2 s of sputtering to reach one-half the peak 
oxygen intensity when sputtering the bare AA2024 T3 alloy under similar conditions 
before immersion, thus indicating replacement of the thin natural oxide film by a 
relatively thick layer of corrosion products. 
There is some variation in thickness of the layer of corrosion products across the 
specimen surface (having likely the same cause as the variation in the thickness of the 
natural oxide coating described above), so that the average sputtering time required to 
reduce the oxygen signal to one-half of the peak intensity after immersion is 6.8 s, 
compared with an average of 0.25 s before immersion (Table 4.1, p122). 
 
Quantification Integration of the elemental depth profiles obtained using the 4 mm 
diameter source before immersion, between plasma initiation and the point at which the 
oxygen signal is reduced to one-half of the peak intensity, gave the following ratios of 
average elemental abundances: 
Cr/Al = 4.2 x 10
-3
; O/Al = 0.35; Cu/Al = 0.24 and O/Cu = 1.4. 
Quantification of the yields obtained for the bulk surface after immersion revealed the 
following ratios: 
Cr/Al = 6.7 x 10
-3
, O/Al = 0.48, Cu/Al = 0.27 and O/Cu = 1.8. 
Thus, there is a measurable increase in the amounts of Cr and O relative to aluminium 
on the bulk surface in response to immersion. This indicates the presence of corrosion 
products of increased oxygen content (such as Al(OH)3) compared with the original 
alumina film (Al2O3). The increased presence of chromium species has arisen from 
chromium in the alloy composition that, as a consequence of corrosion, is now located 
in the corrosion products. 
No significant changes were detected in the amount of copper relative to aluminium and 
of the amount of oxygen relative to copper. This is expected because copper is noble to 
aluminium and, therefore, the copper, which is present in low concentration in the 
matrix and in high concentration in the second phase particles, may be redistributed but 
is not lost to solution. 
 
4.2.1.2 Elemental depth profiles obtained using the 2 mm diameter source 
Control specimen The elemental depth profile obtained using the 2 mm source to 
sputter the bulk surface of the control specimen (AA2024 T3 alloy not for use in 
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immersion testing) is shown in Figure 4.3. Comparing Figure 4.3 with Figure 4.1 
reveals essentially the same features that were observed when using the 4 mm diameter 
source, with the 2 mm diameter source giving lower maximum elemental intensities 
(e.g. the maximum intensity of the aluminium signal obtained using the 2 mm diameter 
source is 1/5 that obtained using the 4 mm source). 
Using the 2 mm diameter source to sputter inside the 4 mm craters on the control 
specimen revealed the elemental depth profile shown in Figure 4.4. The aluminium 
signal shows much the same pattern as that obtained when using the 2 mm diameter 
source to sputter the bulk surface. This is as expected since the natural oxide coating 
removed during sputtering to produce the 4 mm crater would have rapidly re-formed 
upon exposure to the atmosphere. However, a reduced maximum intensity of oxygen 
inside the crater may indicate a thinner natural oxide coating on the crater base 
compared to the bulk surface. 
When using the 2 mm diameter source to sputter the bulk surface before immersion, the 
copper signal increased to an initial peak with an intensity of 8 arbitrary units at 0.5 s of 
sputtering time (Figure 4.3). With further sputtering, the copper signal decreased to 
level off at an intensity of 6 arbitrary units. 
When using the 2 mm source to sputter inside the 4 mm cater that was not subjected to 
immersion testing, the copper signal rises more gradually, to level off at an intensity of 
5 arbitrary units after 0.7 s of sputtering time (Figure 4.4). No initial copper peak 
comparable with that observed before immersion is detected after the immersion test. 
The initial peak may therefore indicate an enhanced concentration of copper sampled 
near the surface due to exposure of the second phase particles by the surface pre-
treatment (alkaline etching and de-smutting). This layer would be removed during the 
initial sputtering. 
 
After 2 days of immersion in 35 g l
-1
 NaCl solution Figure 4.5 presents the elemental 
depth profile obtained using the 2 mm source to sputter the bulk surface of the bare 
alloy that was immersed in 35 g l
-1
 NaCl solution for 2 days. The aluminium signal 
increases in steps, rising sharply at initiation to an intensity of approximately 1 arbitrary 
unit and remaining at this intensity for 1 s before increasing to an intensity of 6 arbitrary 
units after a total of 1.9 s of sputtering. The signal remains at 6 arbitrary units for a 
further 1.5 s before increasing to a maximum intensity of 38 units after a total sputtering 
time of 8 s. 
 130 
The sputtering time needed to reduce the oxygen signal to one-half of its peak intensity 
on the bulk surface of the alloy after the immersion test is 3.8 s, compared with 0.52 s 
for the control specimen. 
The elemental depth profile presented in Figure 4.6 was obtained by using the 2 mm 
diameter source to sputter within the 4 mm craters after the immersion test. Ignoring the 
initial peak in the aluminium (orange) signal generated during plasma stabilization, the 
intensity is seen to increase slowly to a value of 5 over the first 2.5 s of sputtering. The 
intensity then increases more rapidly, to reach a maximum value of 35 after 10 s of 
sputtering time. This is significantly longer than the sputtering time required for the 
control crater, thus indicating the formation of a relatively thick layer of corrosion 
products in the crater after immersion. 
The oxygen (pink) signal in Figure 4.6 increases sharply to a peak intensity of 3 (30/10) 
arbitrary units after approximately 0.4 s of sputtering time. The signal then decreases 
slowly to reach one-half of the peak intensity after a total sputtering time of 3 s. 
The chromium (blue) signal in Figure 4.6 reveals a peak intensity of 0.14 arbitrary units 
(28/200) at 0.5 s of sputtering time. This may represent a concentration of chromium 
near the surface in response to immersion (derived from the trace chromium content in 
the bare alloy), but this peak lies within the region of plasma stabilization and hence 
may be exaggerated. From 1.5 s of sputtering time onwards, the chromium signal 
remains at a roughly constant intensity of 0.025 (5/200), i.e. comparable to that 
observed in the control crater. 
 
Quantification From the profiles obtained using the 2 mm source to sputter inside the 4 
mm crater on the control specimen, the elemental ratios were found to be: 
Cr/Al = 2.4 x 10
-3
, O/Al = 0.11, Cu/Al = 0.09 and O/Cu = 1.14. 
The elemental ratios inside the crater after the immersion test were: 
Cr/Al = 4.6 x 10
-3
, O/Al = 0.39 Cu/Al = 0.93 and O/Cu = 0.43. 
Thus, a significant increase in the amount of oxygen relative to aluminium was detected 
in the crater. This indicates the anticipated corrosion, which is also evident as increased 
noise in the elemental depth profile. 
The amount of copper relative to aluminium is seen to increase by a factor of 10. This 
may be understood in terms of copper enrichment of the matrix as the aluminium 
corrodes. Corrosion is concentrated in the matrix surrounding the second phase particles 
(trenching) but also proceeds beneath the surface as intergranular corrosion. The 
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resulting deposits of aluminium hydroxide may be partially removed during rinsing of 
the specimen with de-ionized water after the immersion test. This bulk loss of 
aluminium oxides may also explain why the ratio of oxygen to copper inside the crater 
after immersion is significantly less than that inside the crater that was not immersed – 
i.e similar amounts of copper are sampled in the control crater and the immersed crater, 
but the control crater also contains a coherent natural aluminium oxide film, while the 
immersed crater may be depleted in aluminium oxide due to bulk loss of corrosion 
products. 
The amount of chromium inside the crater after immersion was approximately twice 
that in the control specimen. The chromium detected represents the trace amount 
present in the alloy composition and is insufficient to provide corrosion inhibition. 
Nevertheless, there is clear evidence for concentration of chromium in the corrosion 
products. 
 
4.2.2 Immersion in 35 g l
-1
 NaCl/1 M chromate solution 
4.2.2.1 Elemental depth profiles obtained using the 4 mm diameter source 
The elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy after two days of immersion in the chromate-containing 
solution is presented in Figure 4.7. Figure 4.7a shows the full profile obtained during 12 
s of sputtering time, while Figure 4.7 b is an expansion to show the area of interest. The 
average sputtering time needed to reduce the oxygen signal to one-half of its peak 
intensity was 0.77 s, compared with 0.25 s for the control specimen and 6.8 s for the 
specimen immersed in the absence of chromate (Table 4.1, p127). This indicates either 
the formation of a layer of corrosion products of reduced thickness compared with that 
accumulated in the absence of chromate, or formation of a protective (coherent) film 
incorporating chromate species from the solution. 
Note that, in Figure 4.2, a magnification factor of 200 was applied to the chromium 
signal to improve visibility, but in Figure 4.7 a magnification factor of 4 was sufficient. 
Thus the intensity of the chromium signal obtained when sputtering the bulk surface 
increases from 0.05 (10/200) before immersion to 3.5 (14/4) after two days of 
immersion in the chromate-containing solution. Thus, a significant concentration of 
chromate species has been deposited from the solution onto the surface of the bare 
alloy. This may represent surface-adsorbed chromate species which have become 
incorporated into a layer of corrosion products. Alternatively, a protective chromate-
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containing film may have built up on the surface of the bare alloy due to chromate 
species competing with oxygen for the electrons released by dissolution of aluminium: 
Al → Al3+ + 3e− 
O2 + 2H2O + 4e
−
 → 4OH− 
Cr2O7
−
 + 8H
+
 +6e
−
 → 2Cr(OH)3 + H2O 
 
Quantification Analysis of the elemental depth profiles obtained using the 4 mm 
diameter source to sputter the bulk surface of the control specimen revealed the 
following average elemental abundances: 
Cr/Al = 4.2 x 10
-3
, O/Al = 0.35, Cu/Al = 0.24 and O/Cu = 1.4. 
After immersion in 35 gl
-1
 NaCl/1 M chromate solution for two days, the ratios were: 
Cr/Al = 0.3, O/Al = 0.25, Cu/Al = 0.15 and O/Cu = 1.7. 
Thus, the amount of chromium on the bulk surface of the bare alloy was increased by a 
factor of 100 during two days of immersion in the chromate-containing solution. 
The amount of oxygen relative to aluminium on the bulk surface decreased during 
immersion, indicating that the chromate present on the surface afforded protection from 
corrosion. The observed reduction in the ratio of copper to aluminium sampled on the 
bulk surface after immersion may be evidence for the formation of a protective film 
which would consist of aluminium oxide and chromium (III) hydroxide and would be 
depleted in copper compared to the underlying substrate. 
 
4.2.2.2 Elemental depth profiles obtained using the 2 mm diameter source 
Figure 4.8 presents the elemental depth profile obtained using the 2 mm diameter source 
to sputter within a 4 mm crater on the bare alloy after two days of immersion in the 
chromate-containing solution. Ignoring the initial spike at 0.08 s (plasma stabilization), 
the peak chromium intensity inside the crater after immersion is 5 (20/4) arbitrary units, 
compared to 0.025 (5/200) in both the control crater (Figure 4.4) and in the crater that 
was immersed in 35 g l
-1
 NaCl solution for 2 days (Figure 4.6). Thus, chromate-
containing species have been deposited from the chromate solution onto the base of the 
4 mm GDOES crater. 
 
Quantification When the 2 mm diameter source was used to sputter inside the 4 mm 
craters on the specimen that was immersed in the chromate-containing solution for two 
days, the ratios of elemental abundances were found to be: 
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Cr/Al = 0.076, O/Al = 0.02, Cu/Al = 0.09 and O/Cu = 0.22. 
Inside the craters on the specimen that was immersed in the absence of chromate, the 
ratios were: 
Cr/Al = 4.6 x 10
-3
, O/Al = 0.39, Cu/Al = 0.93 and O/Cu = 0.43. 
Thus, the presence of chromate species in solution resulted in a significantly increased 
amount of chromium on the crater base, along with a reduction in the amount of oxygen 
relative to aluminium. The modified layer on the crater base after immersion in the 
presence of chromate was approximately twice the thickness of that in the control crater, 
as indicated by the sputtering times needed to reduce the oxygen signal to one half peak 
intensity (1.8 s and 3.0 s respectively, Table 4.1, p127). 
 
4.2.3 Summary: immersion of the bare alloy in the presence or absence of 
chromate 
The aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
bulk surface of the bare alloy before and after both immersion tests are presented on one 
chart in Figure 4.9. The aluminium depth profile of the control specimen (orange 
profile, Figure 4.9) shows the steepest gradient and greatest maximum intensity of the 
three profiles, indicating the presence of a thin natural oxide film on top of the non-
corroded alloy. The maximum intensity of the aluminium signal is achieved within 1 s 
of sputtering time. 
The aluminium depth profile obtained by sputtering the bulk surface after two days of 
immersion in the chromate-containing solution (blue profile, Figure 4.9) presents a 
shallower gradient and reduced maximum intensity compared to the control specimen. 
This indicates the presence of a modified layer of increased thickness compared to the 
natural oxide film. The nature of the chromium depth profile, discussed above, strongly 
suggests that this modified layer represents a protective film incorporating chromate 
species from the solution. 
After two days of immersion in 35 g l
-1
 NaCl solution in the absence of chromate 
species, the aluminium depth profile (pink profile, Figure 4.9a) displays a considerably 
shallower gradient than the other profiles, taking a total sputtering time of 40 s to reach 
the maximum intensity. This indicates the presence of a thick layer of corrosion 
products. 
The aluminium depth profiles obtained using the 2 mm diameter source to sputter 
within the 4 mm craters on the bare alloy before and after both immersion tests are 
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presented on one chart in Figure 4.10. As anticipated, the aluminium signal obtained by 
sputtering inside the crater that was immersed in 35 g l
-1
 NaCl shows the shallowest 
gradient, taking a total of 4 s of sputtering time to reach the maximum intensity. 
Sputtering inside the 4 mm crater that was immersed in the chromate-containing 
solution reveals an aluminium signal with a significantly steeper gradient than the case 
of the crater that was not immersed. This may indicate a significantly smoother surface 
on the base of the immersed crater compared to that on the base of the control crater. 
The oxygen depth profiles obtained using the 2 mm diameter source to sputter within 
the 4 mm craters on the bare alloy before and after both immersion tests (Figure 4.11) 
indicate that oxygen is similarly concentrated near the surface of the control specimen 
and the specimen that was immersed in the chromate-containing solution for two days. 
The specimen that was immersed in the absence of chromate shows a significantly 
thicker oxygen-rich layer, as anticipated due to the formation of a layer of corrosion 
products. 
 
4.2.4 Characterization 
4.2.4.1 Visual inspection 
Visual inspection of the bare alloy, after two days of immersion in 35 g l
-1
 NaCl 
solution, showed extensive corrosion both within the craters and on the bulk surface 
(Figure 4.12b) compared with the control crater (Figure 4.12a). 
After two days of immersion in the chromate-containing solution, visual inspection of 
the bare alloy revealed no evidence of corrosion (Figure 4.12c), consistent with the 
known inhibiting properties of chromium species. 
 
4.2.4.2 Optical microscopy 
Bulk surface Optical micrographs (magnification factor x 50) of the bulk surface of the 
bare alloy are presented in Figure 4.13. The bulk surface of the control specimen 
(Figure 4.13a) reveals a matrix displaying a granular appearance with clusters of 
rounded second phase particles. The second phase particles appear to stand proud of the 
matrix, due to preferential dissolution of the matrix during alkaline etching and de-
smutting. 
After 2 days of immersion in 35 g l
-1
 NaCl solution, the texture of the matrix on the bulk 
surface is largely hidden under corrosion products (Figure 4.13b). 
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The bulk surface of the alloy that was immersed in the chromate-containing solution for 
2 days (Figure 4.13c) reveals a similar appearance to the control specimen, indicating 
the effectiveness of chromate in solution for corrosion inhibition. 
 
4 mm GDOES craters Figure 4.14 presents optical micrographs of the base of a 4 mm 
diameter GDOES crater in the bare alloy before and after immersion testing. Before 
immersion testing (Figure 4.14a) the crater base is broadly similar to the bulk surface 
(Figure 4.13a), with the features described above, relating to etching and de-smutting of 
the alloy surface, along with features relating to sputtering by the ionized argon plasma. 
The crater base imaged after 2 days of immersion in 35 g l
-1
 NaCl solution (Figure 
4.14b) reveals the presence of a layer of corrosion products that completely obscures the 
features of the underlying matrix. The second phase particles no longer have a 
significantly raised appearance. Possibly the crater provides a recess in which a thick 
layer of corrosion products can collect, whereas the corrosion products on the bulk 
surface are more easily dislodged during rinsing of the specimen with de-ionized water 
after the immersion test. 
After 2 days of immersion in the chromate-containing solution (Figure 4.14c) the crater 
floor remains largely similar in appearance to that imaged before immersion testing 
(Figure 4.14a). 
 
4.2.4.3 White light interferometry 
Figure 4.15 presents 3D images of the edge of a 4 mm crater on the bare alloy (a) before 
immersion and (b) after immersion in 35 g l
-1
 NaCl solution for two days. In Figure 
4.15a, the material that was excavated from the crater and deposited around the edge is 
seen as a relatively smooth arc, which is raised (indicated by lighter shading) above the 
bulk alloy on both the outside (left) and inside of the crater (right). On the left of the 
image, the bulk alloy reveals some surface roughness, which is seen to have increased 
moderately inside the crater (on the right of the image) as a result of sputtering. 
A significant increase in surface roughness and a loss of contrast between the crater 
edge and its surroundings are observed in the image acquired after 2 days of immersion 
in 35 g l
-1
 NaCl solution (Figure 4.15b). The crater depth, as measured by white light 
interferometry, decreased from 0.2 μm before immersion to 0.1 μm after immersion. 
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Figure 4.16 is a composite 3D image showing the edge-to-edge profile of a 4 mm crater 
in the bare alloy before immersion testing. Note that the image is displayed with a left to 
right tilt of 35°. The crater base is level, with a slightly off-centre raised area bordered 
by deeper troughs. The excavated material is seen as sharp peaks at the crater edges. 
Figure 4.17 presents an area difference plot obtained by interferometric measurement of 
a segment of a 4 mm crater in the bare alloy that was not subjected to immersion 
testing. This plot allows a calculation to be made of the difference in height between the 
two areas selected (enclosed by the rectangles in Figure 4.17). Thus the material 
excavated during GDOES sputtering and deposited around the crater periphery 
(rectangle 1) reaches a height of 1.39 µm above the crater base (rectangle 2). Selecting 
the area to the left of the crater periphery revealed a difference in height between the 
bulk surface and the crater floor of 0.15 µm. 
 
4.3 AA2024 T3, chromic acid anodized (CAA) 
4.3.1 Immersion in 35 g l
-1
 NaCl solution 
4.3.1.1 Elemental depth profiles obtained using the 4 mm diameter source 
Before immersion test The elemental depth profile obtained using the 4 mm diameter 
source to sputter the chromic acid anodized AA2024 T3 before immersion testing is 
presented in Figure 4.18. Multiplication factors have been applied to some of the 
profiles to improve visibility. 
At the initiation of sputtering, the oxygen signal increases sharply to a peak intensity of 
4.5 (45/10) arbitrary units. This intensity is maintained for approximately 90 s of 
sputtering time, indicating a uniform oxygen content with depth within the anodic film. 
During this stage of sputtering, the aluminium signal maintains an intensity of 
approximately 10 arbitrary units. 
After 90 s of sputtering, the oxygen signal diminishes in intensity while the aluminium 
and copper signals increase as the film/substrate interface is sampled. 
During the initial stages of sputtering, the chromium signal increases gradually to reach 
a peak intensity of 0.15 (30/200) after 15 s of sputtering. The signal then decreases 
before increasing slowly to reach a second peak of 0.15 at 120 s of sputtering time. 
Thus, the film appears to display a region depleted in chromium species near the surface 
(between 0 and 20 s of sputtering time) and two regions of enriched chromium 
concentration (at 20 s and 120 s of sputtering time). However, the region sampled at 120 
s of sputtering time corresponds to the film/substrate interface, so that changes in the 
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chromium intensity may be due not only to changes in the relative amount of chromium 
being sampled, but also to changes in the sputtering rate. 
After 120 s of sputtering, the chromium signal diminishes gradually as the substrate is 
sampled, reaching a minimum intensity of 0.10 (20/200). This minimum intensity is not 
as low as the baseline intensity of 0.05 (10/200) observed at initiation of sputtering. The 
film/substrate boundary is diffuse and there is a small, but not insignificant, chromium 
content in the AA2024 T3 substrate. 
 
After 2 days of immersion in 35 g l
-1
 NaCl solution The elemental depth profile 
obtained using the 4 mm diameter source to sputter the bulk surface of the chromic acid 
anodized AA2024 T3 after two days of immersion in 35 g l
-1
 NaCl solution is shown in 
Figure 4.19. The profile is broadly similar to that obtained before immersion, but with a 
longer sputtering time before the oxygen signal begins to diminish and the 
film/substrate interface is sampled. It should be noted that the CAA film was unsealed, 
so that this observation may be understood in terms of corrosion of the underlying 
substrate due to contact with the sodium chloride solution via the pores. Swelling of the 
film due to water-uptake during immersion may also be involved. 
As before immersion, the chromium profile again shows two peaks (albeit less 
pronounced), the second peak appearing at the film/substrate interface (190 s, compared 
with 120 s before immersion). 
 
Quantification The ratios of chromium and oxygen to aluminium in the anodized film 
on the control specimen, sampled using the 4 mm diameter source, were as follows: 
Cr/Al = 1.2 x 10
-2
, O/Al = 0.33, Cu/Al = 1.9 x 10
-2
 and O/Cu = 17. 
After immersion, the elemental ratios obtained by sampling the bulk surface were: 
Cr/Al = 1.2 x 10
-2
, O/Al = 0.57, Cu/Al = 2.3 x 10
-2
 and O/Cu = 24. 
Thus, there was no quantifiable change in the ratio of chromium to aluminium in the 
bulk anodized film as a result of immersion. The ratio of oxygen to aluminium (and of 
oxygen to copper) increased, possibly due to formation of corrosion products and re-
distribution of copper under the anodized film. 
 
4.3.1.2 Elemental depth profiles obtained using the 2 mm diameter source 
Control specimen Figure 4.20 displays an elemental depth profile obtained using the 2 
mm diameter source to sputter the bulk surface of the anodized control specimen. The 
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profile is broadly similar to that obtained using the 4 mm source, except that the 2 mm 
diameter source leads to lower elemental intensities. In particular, the peak chromium 
intensity obtained with the 2 mm diameter source is 0.07 (14/200), compared to 0.15 
(30/200) when the 4 mm source is used. 
The aluminium signal obtained using the 2 mm diameter source displays a raised peak, 
which diminishes before the signal levels off as the substrate is sampled. The chromium 
signal maintains an intensity of 0.07 (14/200) during the first 70 s of sputtering, as the 
anodized film and the film/substrate interface are sampled. As sputtering is continued 
into the substrate, the chromium signal decreases to level off at a minimum intensity of 
0.045 (9/200). This remains significantly higher than the baseline chromium intensity of 
0.025 (5/200). 
 
After immersion in 35 g l
-1
 NaCl solution The elemental depth profile obtained using 
the 2 mm diameter source to sputter within a 4 mm crater on the chromic acid anodized 
AA2024 T3 after 2 days of immersion in 35 g l
-1
 NaCl solution is presented in Figure 
4.21. This can be compared with the profile obtained by sputtering inside the craters on 
the bare alloy that was not subjected to immersion testing (Figure 4.4). Differences to 
note are: 
i) The profile of the crater in the anodized specimen shows a higher peak 
oxygen intensity than that in the bare alloy (due to diffusion of oxygen into 
the pores), 
ii) The profile of the crater in the anodized specimen shows a higher maximum 
intensity of copper and a lower maximum intensity of aluminium than for 
the bare alloy (possibly due to the surface pre-treatment of the alloy before 
anodizing). 
iii) The chromium signal at the base of the 4 mm crater in the bare alloy remains 
at a baseline intensity of 0.02 (4/200), while the crater in the anodized 
specimen shows a chromium intensity that increases with depth (paralleling 
the aluminium and copper signals) to level off at a maximum intensity of 
0.05 (10/200). 
When the 4 mm diameter source was used to generate a GDOES crater in the CAA 
specimen before immersion, the chromium intensity at the end of sputtering was 0.10 
(20/200). Taking into account the difference in elemental intensities obtained with the 
different sized sources, this would correspond to an intensity 0.1/2.1 = 0.048 if the 2 
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mm diameter source were used. The maximum chromium intensity of 0.05 observed 
when using the 2 mm diameter source to sputter within the crater in the anodic film 
after immersion is therefore not unexpected. Thus, there is no evidence here for the 
movement of chromium species from the bulk film into the crater during immersion. 
Nevertheless, there is clear evidence for corrosion inhibition of the exposed substrate on 
the 4 mm crater base in the anodized specimen. Compare the elemental depth profile 
obtained using the 2 mm diameter source to sputter within the 4 mm diameter crater in 
the CAA specimen after immersion (Figure 4.22) with that obtained using the 2 mm 
diameter source to sputter within the 4 mm crater on the bare alloy after immersion 
(Figure 4.6). The latter profile shows a high intensity of oxygen and a stepped 
aluminium profile indicating the presence of a corroded layer, which is not observed in 
the case of the anodized specimen. 
 
Quantification Elemental ratios calculated from depth profiles obtained by GDOES 
sputtering using the 2 mm diameter source were as follows:  
Bulk surface (control) 
Cr:Al = 1.5 x 10
-2
 O:Al = 0.54 Cu:Al = 3.4 x 10
-2 
O:Cu = 16 
Bulk surface (immersed in 35 g l
-1
 NaCl solution for 2 days) 
Cr:Al = 1.3 x 10
-2
 O:Al = 0.47 Cu:Al = 4.3 x 10
-2 
O:Cu = 11 
Within the 4 mm craters (control) 
Cr:Al = 2.7 x 10
-3
 O:Al = 0.08 Cu:Al = 8.9 x 10
-2 
O:Cu = 0.96 
Within 4 mm craters (immersed in 35 g l
-1
 NaCl solution for 2 days) 
Cr:Al = 1.1 x 10
-2
 O:Al = 0.23 Cu:Al = 4.1 x 10
-1 
O:Cu = 0.69 
 
Thus, there is a small but measurable decrease in the ratio of chromium to aluminium in 
the bulk anodic film and a significant increase in the ratio of chromium to aluminium on 
the floor of the 4 mm crater after the immersion test. Thus, quantitative analysis does 
indicate a build-up of chromate species on the exposed substrate within the 4 mm crater 
in response to immersion. 
A decrease in the ratio of oxygen to aluminium is observed for the bulk film, while an 
increase in the ratio of oxygen to aluminium is observed on the floor of the 4 mm crater 
after immersion in 35 g l
-1
 NaCl solution for two days. Coupled with the evidence for a 
concentration of chromate species on the crater floor, this suggests the development of a 
protective film on the exposed substrate. 
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The ratio of oxygen to copper decreases both in the bulk film and on the 4 mm crater 
floor in response to immersion, the latter implying that dealloying and re-distribution of 
copper has been inhibited. 
 
4.3.2 Immersion in 35 g l
-1
 NaCl/1 M chromate solution 
4.3.2.1 Elemental depth profiles obtained using the 4 mm diameter source 
The elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the specimen supporting an anodic film, after two days of immersion in the 
chromate-containing solution, is presented in Figure 4.23. The aluminium, oxygen and 
copper profiles obtained before and after immersion are broadly similar, as the bulk 
anodized film forms an effective barrier to corrosion. 
Note that, in Figure 4.23, the chromium signal has been multiplied by 10 for optimum 
visibility, whereas in previous figures chromium was multiplied by 200. Thus, there is a 
significant increase in the chromium intensity after immersion in the chromate-
containing solution, with a peak of approximately 5 (15/10) arbitrary units, compared to 
0.15 (30/200) before immersion. The chromium profile obtained after immersion 
displays a single peak situated roughly mid-way through the film. This is in contrast to 
the profile obtained before immersion, which revealed two peaks, with one near the 
surface and one at the film-substrate interface. Thus there has been both up-take of 
chromate species from the solution and a re-distribution of chromate species through the 
pore system of the unsealed anodized film. 
 
Quantification The ratios of elemental abundances sampled in the anodic film before 
immersion were: 
Cr/Al = 1.2 x 10
-2
, O/Al = 0.33, Cu/Al = 1.9 x 10
-2
 and O/Cu = 17. 
After two days of immersion in the chromate-containing solution, the ratios were: 
Cr/Al = 1.4 x 10
-1
, O/Al = 0.55, Cu/Al = 2.2 x 10
-2
 and O/Cu = 25. 
Thus, the amount of chromium relative to aluminium in the bulk film has increased by a 
factor of 10 during immersion in the chromate-containing solution. Increased ratios of 
oxygen relative to aluminium and to copper are also observed. 
 
4.3.2.2 Elemental depth profiles obtained using the 2 mm diameter source 
Using the 2 mm diameter source to sputter within a 4 mm crater on the chromic acid 
anodized AA2024 T3 after 2 days of immersion in the chromate-containing solution 
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revealed the elemental depth profile presented in Figure 4.24. This profile is broadly 
similar to that obtained when sputtering within the 4 mm crater on the control specimen 
(Figure 4.21). However, the aluminium signal obtained from the immersed crater (dark 
blue profile Figure 4.25) shows a shallower gradient than that from the crater that was 
not immersed (orange profile Figure 4.25), suggesting increased surface roughness on 
the crater base after immersion. Further, the oxygen profile from the immersed crater is 
broader than that of the crater that was not immersed, suggesting the presence of an 
oxidized layer of increased thickness in the crater. These observations suggest the 
presence of an uneven layer of corrosion products on the crater base. 
The peak intensity of chromium inside the crater after the immersion test is 
approximately 5 (20/4) arbitrary units, compared to a constant 0.05 (10/200) arbitrary 
units inside the control crater. Thus, chromate species from the solution are incorporated 
into the layer of corrosion products on the exposed substrate. 
 
4.3.3 Summary: immersion of CAA in the presence or absence of chromate 
The aluminium depth profiles obtained using the 2 mm diameter source to sputter 
within the 4 mm craters on the bare alloy and on the specimen supporting an anodic 
film are presented on the same chart in Figure 4.25. The aluminium signal obtained by 
sampling the base of the crater in the bare alloy after immersion in the chromate-
containing solution (brown profile, Figure 4.25) is closely comparable to that of the 
control crater in the specimen supporting the anodic film. This suggests that immersion 
of the bare alloy in the presence of chromate in solution results in a modification of the 
alloy comparable to that due to chromic acid anodizing. 
The aluminium signal obtained by sampling the crater in the anodized specimen, after 
immersion in the presence of chromate in the solution, reveals a moderate reduction in 
the gradient (blue profile, Figure 4.25), suggesting the formation of a thin layer of 
corrosion products or a thin protective film. Quantitative analysis of the chromium 
depth profile, discussed above, indicated the latter. 
The aluminium signal obtained by sampling the crater in the anodized specimen, after 
immersion in the absence of chromate in the solution, reveals a significant reduction in 
the gradient (green profile, Figure 4.25). Nevertheless, the gradient of the aluminium 
signal is significantly greater than that of the aluminium depth profile obtained by 
sampling the 4 mm crater in the bare alloy after immersion in the absence of chromate 
in solution (black profile, Figure 4.25). These observations indicate enhanced protection 
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of the crater in the anodized specimen, in the presence of chromate in the solution, is 
due to contributions from both the added chromate in the solution and the chromate in 
the anodic film. 
 
4.3.4 Characterization 
4.3.4.1 Visual inspection 
Photographic images of a 4 mm diameter crater and the surrounding bulk surface on the 
unsealed chromic acid anodized AA2024 T3 are presented in Figure 4.26, a) before 
immersion, b) after immersion in 35 g l
-1
 NaCl solution and c) after immersion in the 
chromate-containing solution. Figure 4.26b reveals no visible evidence of corrosion of 
the bulk coating, while the exposed substrate in the craters showed some evidence of 
corrosion. The corrosion within the crater is clearly not as significant as that on the bare 
alloy after immersion under the same conditions (Figure 4.12b). 
The exposed substrate on the base of the crater that was immersed in the chromate-
containing solution reveals a complete absence of corrosion (Figure 4.26c), while the 
surrounding bulk anodic film displays a pale orange colouration due to a high surface 
concentration of chromate absorbed from the solution. 
 
4.3.4.2 Optical microscopy 
Bulk surface The optical micrograph of the chromic acid anodized AA2024 T3 alloy in 
Figure 4.27a reveals a patchy surface with some raised areas representing underlying 
second phase particles. 
The bulk CAA film remains largely unchanged in appearance after 2 days of immersion 
in 35 g l
-1
 NaCl solution (Figure 4.27b). This demonstrates that the CAA film forms an 
adequate barrier to corrosion. 
Immersion of the chromic acid anodized specimen in the chromate-containing solution 
for two days also results in little change to the bulk surface (Figure 4.27c). The pale 
orange colour of the bulk surface in Figure 4.27c may be due to absorption of chromate 
from the solution during the immersion test. 
 
4 mm GDOES crater The base of a 4 mm GDOES crater in the chromic acid anodized 
specimen (Figure 4.28a) appears similar to that on the bare alloy (Figure 4.14a), except 
that in the CAA crater there is a much greater impression of depth. This is a function of 
the significantly longer sputtering time needed to completely remove the CAA film 
 143 
(approximately 300 s for CAA, compared to 1.2 s to remove the natural oxide layer on 
the bare alloy). 
The base of the crater in the anodized specimen after 2 days of immersion in 35 g l
-1
 
NaCl solution reveals a layer of corrosion products partially obscuring the features of 
the underlying substrate (Figure 4.28b). This indicates a reduction in the thickness of 
the corroded layer, compared with that on the crater on the bare alloy immersed under 
the same conditions (Figure 4.14b) 
The base of the crater in the chromic acid anodized specimen after immersion in the 
chromate-containing solution (Figure 4.28c) remains similar in appearance to the crater 
that was not immersed (Figure 4.28a), but with an apparent reduction in crater depth. 
The pale orange surface colouration is comparable with that of the bulk surface after 
immersion in the chromate-containing solution (Figure 4.27c) and may be due to 
adsorption of chromate-containing species from the solution. 
 
4.3.4.3 White light interferometry 
A composite edge-to-edge profile of a 4 mm GDOES crater in the chromic acid 
anodized AA2024 T3 alloy is presented in Figure 4.29 a) before immersion and b) after 
two days of immersion in 35 g l
-1
 NaCl solution. A reduction in crater depth due to 
formation of corrosion products is clearly indicated, along with some re-distribution of 
loose material. 
The area difference plot of a segment of a 4 mm GDOES crater in the chromic acid 
anodized AA2024 T3 alloy after 2 days of immersion in 35 g l
-1
 NaCl solution (Figure 
4.30a) reveals a difference in height of 1.72 µm between the bulk surface and the crater 
floor, compared with a value of 1.02 µm obtained before immersion. This would 
indicate either loss of material from the crater floor or a build-up of material on the bulk 
surface or swelling of the bulk anodic film during immersion. 
The material excavated from the crater floor and deposited around the crater periphery 
during GDOES sputtering was found to reach a height of 5.26 µm above the crater base 
before, and 6.33 µm after, the immersion test. This is consistent with the interpretation 
that there is loss of material (corrosion products) from the crater and re-distribution of 
material around the crater periphery. 
After 2 days of immersion in the chromate-containing solution, the difference in height 
between the bulk surface and the crater base was found to be 0.52 µm (Figure 4.31a), 
compared with 1.02 µm before the immersion test. Thus, the presence of chromate in 
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the solution has facilitated the build-up of a coherent layer in the 4 mm crater, leading to 
a reduction in the crater depth. 
A 3D profile of the crater segment showing the excavated material after immersion in 
the chromate-containing solution is presented in Figure 4.31b. The shape of the deposit 
is distinct from that observed around the crater periphery after immersion in the absence 
of chromate in solution (Figure 4.30b). This suggests that there may be some interaction 
between the chromate in the solution and the excavated material, possibly resulting in 
consolidation of the material. 
 
4.4 AA2024 T3 supporting a chromate conversion coating (CCC) 
4.4.1 Immersion in 35 g l
-1
 NaCl solution 
4.4.1.1 Elemental depth profiles obtained using the 4 mm diameter source 
Before immersion test The elemental depth profile obtained using the 4 mm diameter 
source to sputter the AA2024 T3 alloy supporting a chromate conversion coating (CCC) 
before immersion testing is presented in Figure 4.32. The oxygen signal has been 
multiplied by 10 and the copper signal by 4 to improve visibility. 
The aluminium signal remains close to baseline intensity during the first second of 
sputtering, before increasing gradually to reach a maximum intensity of 100 arbitrary 
units after a total sputtering time of 4.5 s. The coating-substrate interface, as defined by 
the point at which the oxygen signal has diminished to one-half of its peak value, occurs 
at approximately 1.5 s of sputtering time. 
The chromium signal shows two peaks, one near the surface and the second at the 
coating-substrate boundary. The chromium signal then decreases gradually, to reach a 
baseline intensity of 0.78 arbitrary units after a total sputtering time of 8 s. This profile 
indicates a non-uniform distribution of chromate species in the coating, with 
concentrations near the surface and at the coating/substrate interface. 
 
After 2 days of immersion in 35 g l
-1
 NaCl solution The elemental depth profile 
obtained using the 4 mm diameter source to sputter the bulk surface of the CCC 
specimen after the immersion test is presented in Figure 4.33. The copper and oxygen 
signals have been multiplied by 4 and 10, respectively, to improve clarity. 
The oxygen signal rises sharply to a peak intensity of 4 (40/10) before decreasing in 
steps, to return to one-half of the peak intensity after a total sputtering time of 
approximately 2.5 s. Thus, the peak intensity of oxygen is reduced (compared with the 
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value obtained before immersion), but the thickness of the oxygen-rich layer has 
increased, suggesting re-distribution of oxygen in the near-surface layer. Thus, the 
chemical characteristics of the coating have altered during immersion, but there is no 
loss of coating material and hence no compromise to the barrier properties of the 
coating. 
The chromium signal similarly reveals reduced peak intensity and increased peak width, 
suggesting re-distribution of chromate species within the coating. 
 
Quantification GDOES analysis of the test specimen using the 4 mm diameter source 
before immersion revealed the following elemental ratios: 
Cr/Al = 9.5, O/Al = 1.5, Cu/Al = 0.6 and O/Cu = 2.6. 
Analysis of the bulk coating after the immersion test gave the ratios: 
Cr/Al = 3.3, O/Al = 0.68, Cu/Al = 0.3 and O/Cu = 2.3. 
The amount of chromium relative to aluminium in the bulk coating after immersion is 
approximately one-third that detected before immersion, clearly indicating leaching of 
chromium from the coating during immersion. 
The amount of oxygen relative to aluminium in the bulk coating after immersion is 
approximately one-half that before immersion. This may indicate the presence of 
different proportions of the oxides and hydroxides Al2O3, Al(OH)3 and AlOOH in the 
coating before and after immersion. 
The amount of copper relative to aluminium sampled in the bulk conversion coating 
after immersion is half that sampled before the immersion test. This may indicate the 
growth of a thick aluminium oxide film during the immersion test. 
 
4.4.1.2 Elemental depth profiles obtained using the 2 mm diameter source 
Control specimen Using the 2 mm diameter source to sputter within a 4 mm crater on 
the control CCC specimen revealed the elemental depth profile presented in Figure 
4.34. At initiation of sputtering, the chromium signal increases from baseline intensity 
to a peak intensity of approximately 0.25 (50/200) arbitrary units. This represents a 
significantly higher intensity (by a factor of 10) of chromium than that observed inside 
the crater on the bare alloy that was not subjected to immersion testing. Thus, the 
chromium present on the crater floor in the CCC specimen is significantly greater than 
the trace amount of chromium known to be present in the alloy composition. 
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After 2 days of immersion in 35 g l
-1
 NaCl solution The elemental depth profile 
obtained using the 2 mm diameter source to sputter within a 4 mm crater on the CCC 
specimen after the immersion test is presented in Figure 4.35. At initiation of sputtering, 
the chromium signal increases from baseline to a peak intensity of 0.1 (20/200). This 
represents a lower intensity of chromium than was observed on the floor of the control 
crater, but the distribution of chromium is significantly different in the two craters. In 
the control crater, the chromium signal reaches a peak intensity after 0.2 s of sputtering 
time and subsequently decreases in intensity with further sputtering, indicating that the 
chromium content is limited to a relatively thin layer. In contrast, the chromium signal 
for the immersed crater reaches a peak intensity after 4.5 s of sputtering time, indicating 
a significantly thicker layer incorporating chromium species. 
The oxygen profile obtained by sputtering inside the 4 mm crater after immersion shows 
peak intensity of 2.4 (24/10) arbitrary units, compared with 1.5 (15/10) on the bulk 
coating sputtered under the same conditions. This suggests the presence of corrosion 
product (oxides of aluminium and copper) inside the 4 mm crater after immersion. Note, 
however, that the intensity and half-peak-width of the oxygen signal inside the 
immersed crater (Figure 4.35) are similar to those obtained by using the 2 mm source to 
examine the base of the control crater (Figure 4.34) – thus the layer enriched in 
chromate species is significantly thicker than the layer of corrosion products. This 
suggests that a protective layer has formed. 
 
Quantification Using the 2 mm diameter source to sputter the bulk coating on the 
control specimen revealed elemental ratios of: 
Cr/Al = 9.0, O/Al = 0.86, Cu/Al = 0.44 and O/Cu = 1.9, 
while the ratios obtained for the bulk surface after the immersion test were: 
Cr/Al = 3.3, O/Al = 0.53, Cu/Al = 0.34 and O/Cu = 6.2. 
The changes observed in the ratio of oxygen to aluminium are similar to those obtained 
using the 4 mm source to sputter the bulk surface of the test specimen before and after 
immersion, as expected. With the 2 mm diameter source, however, we see little change 
in the ratio of copper to aluminium and a significant increase in the amount of oxygen 
relative to copper. Note that the 4 mm diameter source was used to sputter the same 
specimen before and after immersion, whereas the test specimen was not sputtered 
using the 2 mm diameter source before immersion; here we are comparing two different 
specimens which may have minor compositional differences. 
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Using the 2 mm diameter source to sputter within the 4 mm craters on the control 
specimen revealed elemental ratios of: 
Cr/Al = 6.4 x 10
-3
, O/Al = 0.04, Cu/Al = 0.09 and O/Cu = 0.43. 
Sputtering within the 4 mm craters on the test specimen after the immersion test 
resulted in ratios of: 
Cr/Al = 1.4 x 10
-2
, O/Al = 0.32, Cu/Al = 0.52 and O/Cu = 5.1 x 10
-2
. 
Thus, there is an increased amount of chromium relative to aluminium (by a factor of 
ten) in the crater that was immersed, compared to the control crater. There is also an 
increase in the amount of oxygen relative to aluminium (by a factor of 100) on the crater 
floor after immersion. Indeed, the amount of oxygen relative to aluminium on the crater 
floor in the conversion coated specimen is comparable with that on the crater in the bare 
alloy after immersion under the same conditions (O/Al = 0.39). 
The amount of copper relative to aluminium on the crater floor after immersion is six 
times that observed in the control crater, while the amount of oxygen relative to copper 
is significantly less in the immersed crater than in the control crater. This may suggest 
compositional differences between the control specimen and the test specimen, as 
discussed above. 
 
4.4.2 Immersion in 35 g l
-1
 NaCl /1M chromate solution 
4.4.2.1 Elemental depth profiles obtained using the 4 mm diameter source 
The elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the CCC specimen after two days of immersion in the chromate-containing 
solution is presented in Figure 4.36. The oxygen signal rises sharply to a peak intensity 
of 7 (70/10) arbitrary units after approximately 0.5 s of sputtering time. The oxygen 
signal then decreases to one-half of the peak intensity after a total sputtering time of 
approximately 2 s. Thus, there is reduced absorption of oxygen and/or redistribution of 
oxygen in the conversion coating during immersion in the presence of chromate in the 
solution, compared with immersion in the absence of added chromate. Visual inspection 
of the elemental depth profile indicates significantly reduced degradation of the oxygen, 
copper and chromium profiles in the presence of chromate in solution.  
 
Quantification When using the 4 mm diameter source to sputter the bulk conversion 
coating, the ratio of chromium to aluminium was found to decrease from 9.5 before 
immersion to 6.2 after 2 days of immersion in the chromate-containing solution. This is 
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a smaller reduction than that observed during immersion in 35 gl
-1
 NaCl solution in the 
absence of chromate in solution. This result suggests the possibility of a two-way 
transfer of chromate species between the conversion coating and the solution, such that 
the presence of chromate already in the solution reduces the net amount leached from 
the coating during immersion. 
A small decrease in the oxygen to aluminium ratio in the bulk conversion coating was 
detected, from 1.53 before immersion to 1.33 after immersion in the chromate-
containing solution. This is a considerably lesser decrease than was observed after 
immersion in the absence of chromate in solution. 
 
4.4.2.2 Elemental depth profiles obtained using the 2 mm diameter source 
Sputtering inside the 4 mm crater using the 2 mm diameter source after two days of 
immersion in the chromate containing solution reveals the elemental depth profile 
presented in Figure 4.37. This profile is comparable to that obtained when using the 2 
mm diameter source to sputter within a 4 mm crater on the bare alloy that was not 
subject to immersion testing (Figure 4.4), with the exception that a more pronounced 
oxygen peak, along with a chromium peak, are observed for the crater in the coated 
specimen. The peak intensity of chromium inside the crater in the coated specimen after 
2 days of immersion in the chromate-containing solution is approximately 0.125 
(25/200), compared to 0.1 (20/200) for the crater that was immersed in the absence of 
added chromate in solution. This small but measurable difference may represent 
chromate species being deposited onto the crater floor from the solution. 
Thus, it has been demonstrated that chromate species present in solution can be 
deposited onto the exposed substrate in the 4 mm GDOES crater and that chromate 
species within the conversion coating can be re-distributed during immersion. It has not 
been demonstrated that chromate species can move from the coating into solution and 
then be deposited on the exposed substrate, which is one scenario suggested for the self-
healing process. 
 
Quantification Using the 2 mm diameter source to sputter inside the control crater 
revealed elemental ratios of: 
Cr/Al = 6.4 x 10
-3
, O/Al = 0.04, Cu/Al = 0.09 and O/Cu = 0.43. 
After 2 days of immersion in the chromate-containing solution, the elemental ratios 
inside the 4 mm crater were found to be 
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Cr/Al = 0.13, O/Al = 5.7 x 10
-2
, Cu/Al = 9.6 x 10
-2 
and O/Cu = 0.58. 
Thus the amount of chromium in the 4 mm crater after immersion in the chromate-
containing solution is twenty times that observed in the control crater. This is 
approximately ten times the increase in the amount of chromium sampled on the crater 
floor after immersion in the absence of chromate in solution. In view of the quantitative 
results from sputtering the bulk conversion coating (above), it is clear that the 
chromium deposited on the crater floor is sourced predominantly from that added to the 
solution. 
The increase in the amount of oxygen relative to aluminium sampled on the crater floor 
after immersion in the chromate-containing solution is significantly less than that 
sampled in the crater that was immersed in the absence of chromate in the solution. 
Thus, the presence of chromate in solution is seen to inhibit the formation of aluminium 
oxide on the crater floor. 
There is little change in the ratio of copper to aluminium on the crater floor due to 
immersion in the chromate-containing solution, whereas a significant increase in the 
amount of copper relative to aluminium is observed after immersion of the crater in the 
absence of chromate in solution. This can be understood in terms of corrosion of the 
aluminium-rich matrix in the absence of chromate in the solution, followed by bulk loss 
of the corrosion products due to poor adhesion to the substrate. 
 
4.4.3 Summary: immersion of CCC in the presence and absence of chromate in 
solution 
The aluminium depth profiles obtained using the 2 mm diameter source to sputter 
within the 4 mm craters on the bare alloy and on the specimen supporting a chromate 
conversion coating are presented on the same chart in Figure 4.38. The aluminium 
signal inside the crater that was immersed in the presence of added chromate (blue 
profile) is closely comparable with that of the control crater (orange profile), except for 
a delay in the initial rise in aluminium intensity due to near-surface modification of the 
coating (absorption of chromate from the solution). Similar comments apply to the 
crater on the bare alloy after immersion in the presence of chromate in the solution 
(brown profile, Figure 4.38), although the cause of the delay in the initial rise in 
intensity is less obvious because there is a delay in the increase in intensity when 
sputtering inside the crater on the bare alloy that was not immersed, which is attributed 
to the formation of a natural oxide layer during ageing of the crater. 
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The aluminium profile obtained using the 2 mm diameter source to sputter within the 4 
mm crater on the CCC specimen that was immersed in the absence of added chromate 
in solution (green profile, Figure 4.38) reveals only a moderate reduction in corrosion of 
the exposed substrate, compared with the crater on the bare alloy that was immersed 
under the same conditions (black profile). 
Thus, for the chromic acid anodized alloy, it appears that three processes may be taking 
place when chromate is present in the solution: 
1. Direct deposition of chromate from the solution onto the exposed substrate in 
the 4 mm crater, 
2. Diffusion of chromate from the conversion coating into the solution, 
3. Diffusion of the trace amount of chromium present in the alloy, leading to a 
concentration of chromium near the surface. 
GDOES profiling of the chromate conversion coating before and after immersion 
testing has thus provided some insight into corrosion protection and self-healing of such 
a film. 
 
4.4.4 Characterization 
4.4.4.1 Visual inspection 
Photographic images of a 4 mm crater and the surrounding bulk CCC are presented in 
Figure 4.39, a) before immersion, b) after immersion in 35 g l
-1
 NaCl solution and c) 
after immersion in the chromate-containing solution. The bulk coating reveals no visible 
evidence of corrosion after each of the immersion tests. The crater that was immersed in 
the absence of added chromate contains extensive white patches of corrosion products 
and a strongly discoloured matrix, while the crater that was immersed in the presence of 
added chromate is not visibly corroded. 
 
4.4.4.2 Optical microscopy 
Bulk surface The AA2024 T3 alloy supporting a chromate conversion coating reveals a 
bulk surface on which the features of the bare substrate remain visible, although on a 
much smaller scale (Figure 4.40a). 
Little change is observed on the bulk surface after immersion in 35 g l
-1
 NaCl solution 
(Figure 4.40b), although the features relating to the protruding second phase particles 
appear more pronounced. Possibly there is some degradation of the conversion coating, 
but not such as to compromise the barrier properties of the coating. 
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Immersion of the CCC specimen in the chromate-containing solution has no visible 
effect on the bulk surface of the coating (Figure 4.40c). 
 
4 mm GDOES craters Features relating to the AA2024 T3 substrate revealed on the 
crater base of the conversion coated specimen before immersion (Figure 4.41a) are 
partially obscured by corrosion products after 2 days of immersion in 35 g l
-1
 NaCl 
solution (Figure 4.41b). However, the texture of the underlying matrix remains faintly 
visible, suggesting that the layer of corrosion products in the CCC crater is not as dense 
as those observed in the craters on the bare alloy (Figure 4.14b) or on the chromic acid 
anodized specimen (Figure 4.28b). 
No corrosion products are visible on the base of the crater in the CCC specimen after 
two days of immersion in the chromate-containing solution (Figure 4.41c). A yellow 
colouration of the surface suggests adsorption of chromate species from the solution. 
 
4.4.4.3 White light interferometry 
Composite edge-to-edge profiles of a 4 mm crater in the AA2024 T3 alloy supporting a 
chromate conversion coating are shown in Figure 4.42 a) before immersion and b) after 
2 days of immersion in 35 g l
-1
 NaCl solution. Reduction in the crater depth due to 
corrosion appears less pronounced than in the case of the anodized specimen, however 
the crater in the conversion coated specimen was considerably less deep to begin with. 
This initial difference in crater depth was because sputtering times were selected to just 
penetrate the coatings; the anodic coating had a significantly greater thickness than the 
conversion coating. 
Quantitatively, the difference in height between the bulk surface and the crater base on 
the conversion coated specimen that was not subjected to immersion testing was found 
to be 0.11 µm. After 2 days of immersion in 35 g l
-1
 NaCl solution, the difference 
between the bulk surface and the crater base was 0.13 µm (Figure 4.43a). Thus, some 
loss of material from the crater base may be indicated, although the difference in crater 
depth is minimal. 
The difference in depth between the bulk conversion coating and the 4 mm crater floor 
on the specimen that was immersed in the chromate-containing solution for 2 days was 
found to be 0.05 µm (Figure 4.44a). Compared with a crater depth of 0.11 µm before 
immersion, this represents a significant reduction in depth and therefore provides 
evidence for the build-up of a coherent layer of corrosion products. The evidence from 
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GDOES profiling (discussed in previous sections) shows that this layer contains 
chromate species and is therefore expected to be protective, as is confirmed by optical 
microscopy and SEM. 
 
4.4.4.4 Medium energy ion scattering (MEIS)  
In the present work, MEIS was used to analyse the specimen AA2024 CCC which had 
not been subjected to any immersion tests. The spectrum in Figure 4.45a is from an area 
overlapping the bulk coating and a GDOES crater, while that in Figure 4.45b is from an 
area entirely within the crater. The spectra were modelled using SIMNRA software 
(blue lines). The peak at 1350 in Figure 4.45a is due to the presence of chromium. No 
chromium is detected within the crater (Figure 4.45b). Thus, it is confirmed that the 
conversion coating was completely removed during sputtering to produce the 4 mm 
GDOES crater. This provides confidence that chromium detected inside the crater after 
immersion in 35 g l
-1
 NaCl solution is not due to a remnant of the original conversion 
coating but to the process of self-healing. 
 
4.4.4.5  X-ray photoelectron spectroscopy (XPS) 
Chromium was also identified by X-ray photoelectron spectroscopy (XPS) on the bulk 
surface of the AA2024 T3 alloy supporting a chromate conversion coating that was not 
subjected to immersion testing (Figure 4.46a). When an XPS spectrum was obtained of 
the bulk surface of the specimen that was immersed in 35 g l
-1
 NaCl solution for 2 days, 
the chromium peaks were noisy but could still be identified (Figure 4.46b). The high 
level of noise in the chromium signals from the immersed coating may be indicative of 
coating degradation during the immersion test. 
The signal-to-noise ratio was too low to confirm the presence of chromium on the base 
of the 4 mm GDOES crater after two days of immersion in 35 g l
-1
 NaCl solution 
(Figure 4.46c). Thus, the diffusion of chromium-containing species from the coating to 
the controlled damage during the immersion test was not confirmed by XPS. 
 
4.5 Electrochemical observations in 35 g l
-1
 NaCl solution 
An electrochemical investigation, including examination of the potential/time and 
polarisation behaviour, was undertaken for specimens of the bare alloy and the AA2024 
T3 alloy supporting the chromate conversion coating or the anodic film in the presence 
and absence of a 4 mm GDOES crater. The initial aim of this investigation was to 
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develop an understanding of the processes proceeding within the crater area and the 
contribution of the macroscopic surface. The electrolyte used was 35 g l
-1
 NaCl solution 
(350 ml) and the exposed area was ~ 1 cm
2
. The potential/time behaviour during the 
initial one hour of immersion was recorded (1 reading per second); this was followed by 
a potential sweep from 400 mV below the corrosion potential to 1200 mV above the 
corrosion potential at 60 mV per minute in order to assess the processes proceeding on 
the overall electrode surface. 
Further studies were also undertaken to investigate the electrochemical behaviour of 
specimens supporting 4 mm diameter (area about 13 mm
2
) GDOES craters. In these 
experiments, the potential sweep was stopped at selected potentials, and the specimen 
left immersed in the electrolyte for two hours before imposition of further potential 
sweeps. The aim of these investigations was to assess the extent of re-passivation in the 
presence of the standard coatings surrounding the substrate exposed by GDOES 
sputtering. 
 
4.5.1 Bare alloy 
The potential-time and potentiodynamic polarisation behaviour of the bare alloy (Figure 
4.47) was first investigated in the presence and absence of a GDOES crater, to provide a 
reference of comparison with the behaviour of the conversion-coated or chromic acid 
anodized specimens. 
The dark blue curve in Figure 4.47a represents the potential/time behaviour of the bare 
alloy in the absence of a GDOES crater, while the dark blue curve in Figure 4.47b 
represents the polarization behaviour of the same specimen. During the initial one hour 
of immersion (Figure 4.47a), the potential of the specimen dropped from ~ –700 mV to 
~ –900 mV. 
At potentials between –900 mV and –1 000 mV in Figure 4.47b the current (strictly 
current density) increases significantly with increasingly negative potential. This 
indicates that, in this region of the trace, the cathodic (reduction) reaction is activation 
controlled, i.e. the reaction rate is dependent upon the potential as the driving force. At 
potentials more negative than –1 000 mV the blue trace becomes progressively steeper, 
indicating that the reduction reaction is increasingly diffusion controlled. That is to say, 
the reaction rate depends to some extent upon the rate of supply of reducible species 
and/or the rate of removal of reaction products. 
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At potentials between –900 mV and –600 mV the current increases significantly with 
increasingly positive potential, indicating that the anodic reaction is largely activation 
controlled. 
At a potential a little positive of –600 mV, the current increases almost instantaneously 
by a factor of 10
3
, after which further increases in potential have no effect on the 
magnitude of the current. This behaviour is understood to represent the onset of pitting 
corrosion, hence the potential at which this occurs is termed the pitting potential (Epit). 
The magnitude of the current at the pitting potential is termed the limiting current (Ilim). 
The point at which the traces representing the anodic and cathodic reactions intersect 
(i.e. at a potential of –900 mV for the blue trace in Figure 4.47b) the rate of the 
reduction reaction equals the rate of the oxidation reaction. At this point, the corrosion 
reaction is effectively self-driving. This potential is therefore termed the corrosion 
potential (Ecorr) and the corresponding current is termed the corrosion current (Icorr). 
Compared to the absence of a GDOES crater, the specimen supporting a 4 mm GDOES 
crater had an increased Ecorr of ~ –700 mV (Figure 4.47b, pink curve) and revealed 
slightly reduced cathodic kinetics (more significant diffusion control, possibly due to 
isolation of the electrolyte in the crater). The increased noise on the potential-time plot 
(Figure 4.47a, pink line) again suggests transient pitting events. The pitting potential 
remained approximately – 600 mV (Figure 4.47b). 
The green trace in Figure 4.47b presents the polarization data for the specimen 
supporting a 4 mm GDOES crater after application of an area correction to consider 
only the crater area. Without the area correction, the pitting potential corresponds to a 
current density of 1.0 x10
-4
 A cm
-2
; with the area correction, the current density is 
approximately 5.0 x10
-4
 A cm
-2
. Without the error correction, the current may be taken 
to represent an averaged corrosion rate for the entire surface area of the specimen (i.e. 
inside and outside the GDOES crater), while the area-corrected current gives a more 
accurate indication of the corrosion rate inside the crater. This results therefore suggests 
an increased corrosion rate inside the crater compared to outside. The crater may be 
acting as a large cathode, with the surrounding bulk surface becoming anodic. 
In the above experiment the applied potential has been raised to the point at which the 
barrier effect of the natural oxide coating has broken down, resulting in the onset of 
pitting. If the applied potential were cut off before breakdown of the natural oxide film 
and the specimen was allowed to remain immersed in the electrolyte, it may be possible 
to assess the extent of re-passivation of the film. Thus, in a second experiment on a 
 155 
specimen supporting a 4 mm GDOES crater, the polarisation measurement was stopped 
when the potential reached –433 mV (pink trace, Figure 4.48b). The specimen then 
remained in the electrolyte for two hours before a second polarisation measurement was 
commenced (dark blue trace, Figure 4.48b). Broadly similar electrochemical responses 
were evident on each of the two sweeps, with the specimens pitting at potentials close to 
the corrosion potential. However, the level of noise observed above the pitting potential 
on the second trace (dark blue trace, Figure 4.48b) is considerably reduced compared to 
that observed for the cratered specimen in the previous experiment (pink and green 
traces, Figure 4.47b) and is comparable with that observed for the specimen in the 
absence of a GDOES crater (dark blue trace, Figure 4.47b). This may suggest an 
enhanced resistance to pitting inside the GDOES crater due to re-passivation of the 
natural oxide film. 
Figure 4.49 shows the outcome of a similar experiment in which the initial polarisation 
measurement was stopped when the potential reached the higher value of –396 mV 
(dark blue trace, Figure 4.49c). No clearly identifiable passive region was seen during 
this sweep. After allowing the specimen to stand in the electrolyte for two hours, a 
second polarisation measurement was initiated (pink trace, Figure 4.49c) and 
passivation was observed. Note that allowing the potential to reach a higher value 
during the first polarisation measurement has resulted in more significant passivation 
(compare the pink trace in Figure 4.49c with the dark blue trace in Figure 4.48c). 
Further, two transient corrosion potentials are observed (–1 000 mV and –800 mV) as 
the onset of corrosion is followed by a re-passivation event.  A third Ecorr is observed at 
–700 mV, after which a pitting potential is finally observed at –600 mV. 
The second polarisation measurement was also stopped early (at a potential of –334 
mV) and the specimen was allowed to stand for a further two hours before a the third 
polarisation measurement was initiated. The third trace (green trace, Figure 4.49c) 
showed an extensive passive region. Note also that Ecorr was significantly lowered from 
~ –550 mV in the first sweep to ~ –1200 mV in the third sweep. This trace may be the 
result of  a depletion of dissolved oxygen in the electrolye solution within the GDOES 
crater.  
In all three sweeps the pitting potentials on anodic polarisation were closely similar. 
The electrochemical responses suggest a significant influence of cathodic polarisation 
on the behaviour prior to the onset of stable pitting at the breakdown potential.  
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4.5.2 Chromic acid anodized AA2024 T3 (CAA) 
The potential-time and polarisation behaviour of the chromic acid anodized AA2024 T3 
alloy (CAA) in the presence and absence of a 4 mm GDOES crater is presented in 
Figure 4.50. Over the initial one hour, the potential of the specimen in the absence of a 
crater drops from ~ –200 mV to ~ –300 mV (Figure 4.50a). 
After cathodic polarisation, Ecorr was approximately –900 mV (dark blue trace, Figure 
4.50c), compared with –900 mV for the bare alloy in the absence of a GDOES crater 
(brown trace, Figure 4.50c). This minor change in corrosion potential is accompanied 
by a significant reduction in corrosion current for the CAA specimen compared with the 
bare alloy. This indicates inhibition of the cathodic reaction in the presence of the 
anodized film. 
The potential of the specimen supporting a 4 mm GDOES crater lies at about –575 mV 
throughout the initial one hour of measurement (Figure 4.50b). This represents a 
significantly increased potential compared with the bare alloy in the presence of a 
GDOES crater (pink line, Figure 4.47a). This may be due to the presence of chromate 
species in the anodized film surrounding the GDOES crater. 
The pitting potential of the CAA specimen is increased in the presence of a GDOES 
crater, compared with a similar specimen in the absence of a crater (Figure 4.50c, green 
and dark blue traces, respectively), possibly indicating passivation due to leaching of 
chromate-containing species from the surrounding anodized film and deposition in the 
crater. Thus, as with the bare alloy, the GDOES crater in the CAA specimen appears to 
act as a large cathode, with extensive inhibition of the cathodic reaction becoming 
evident due chromate species derived from the surrounding anodized film. 
In a further experiment on a CAA specimen in the presence of a 4 mm GDOES crater, 
the initial potential sweep was terminated before the onset of pitting. The specimen was 
then allowed to stand in the electrolyte for two hours prior to a second sweep (Figure 
4.51). Inhibition of the cathodic reaction was again indicated during the first sweep, 
with no significant anodic passivation (dark blue trace, Figure 4.51c). In contrast, a 
significant region of anodic passivation was observed during the second polarisation 
measurement (pink trace, Figure 4.51c). This may be due to depletion of oxygen in the 
electrolyte solution within the GDOES crater. 
Figure 4.52 shows the results of a further experiment on the CAA specimen supporting 
a 4 mm GDOES crater, in which an initial polarisation measurement was stopped at a 
potential of –430 mV (dark blue trace, Figure 4.52b). After leaving the specimen in the 
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electrolyte for two hours, a second polarisation measurement revealed both inhibition of 
the cathodic reaction and significant anodic passivation (pink trace, Figure 4.52b). A 
large reduction in Ecorr is observed, from –600 mV in the first trace to –1000 mV in the 
second trace. This suggests that the crater as a whole has become significantly more 
cathodic relative to the surrounding anodized film, while within the crater there rare 
local anodes and cathodes (identifiable with the matrix and second phase particles in the 
exposed substrate).  
The second polarisation measurement was also stopped early, at –313 mV and, after a 
further two hour pause, the third polarisation measurement showed extensive 
passivation with a further decrease in Ecorr from –1000 mV to –1600 mV (light blue 
trace, Figure 4.52b), possibly indicating oxygen-depletion within the electrolyte 
solution in the crater. 
 
4.5.3 AA2024 T3 supporting a chromate conversion coating (CCC) 
The polarisation behaviour of the AA2024 T3 alloy supporting a chromate conversion 
coating (CCC) in the absence of a GDOES crater reveals an Ecorr value of approximately 
– 500 mV and a narrow passive region, with a pitting potential of –490 mV (pink trace, 
Figure 4.53c). The Ecorr is significantly reduced compared to the bare alloy in the 
absence of a GDOES crater (green trace, Figure 4.53c) and there is also a reduction in 
corrosion current in the presence of the conversion coating. This suggests inhibition of 
the anodic reaction in the presence of the conversion coating; CrO4
−
 may be competing 
with Cl
−
 in the presence of dissolved Al
3+
 to form an insoluble deposit, thus stifling pit 
growth. 
Little change in Ecorr and Icorr is observed for the CCC specimen in the presence of a 4 
mm GDOES crater (light blue trace, Figure 4.53c), compared with the CCC specimen in 
the absence of a crater. This may be evidence of rapid and effective self healing of the 
damaged conversion coating. 
Figure 4.54 shows the outcome of further investigations on the AA2024 T3 alloy 
supporting a chromate conversion coating in the presence of a 4 mm GDOES crater. An 
initial polarisation measurement (dark blue trace, Figure 4.54b) was stopped at –140 
mV and the specimen was allowed to stand in the electrolyte for two hours prior to a 
second polarisation measurement (pink trace, Figure 4.54b). A significant decrease in 
Ecorr was observed, from –550 mV for the first trace to –1 000 mV for the second trace. 
Further, the pitting potential decreased from –400 mV for the first trace to –600 mV for 
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the second trace. No clear passive region was observed during the first polarisation 
measurement, but the second measurement showed a significant passive region. 
Depletion of oxygen in the electrolyte solution was not observed at this stage in 
previous such experiments involving bare alloy or CAA (described above), so this 
passive region may be indicative of extensive inhibition and self-healing due to 
chromate species derived from the conversion coating surrounding the crater. 
The second sweep was also stopped early, at –420 mV, and the specimen allowed to 
stand for a further two hours before a third polarisation measurement. A significant 
passive region was again evident, now accompanied by an increase in Ecorr from – 1200 
mV to –900 mV and a significant reduction in Icorr (light blue trace, Figure 4.54b). This 
suggests that the passive region is again due to the process of self-healing of the 
controlled damage, rather than depletion of oxygen in the electrolyte solution. However, 
no further change in the pitting potential was observed. 
 
4.5.4 Electrochemical studies: summary and conclusions 
The observed polarisation parameters  for the bare alloy and for the CAA an CCC 
specimens, each in the presence and absence of a 4 mm GDOES crater, are summarised 
in Table 4.6.  
 
Table 4.6: Polarisation parameters for AA2024 T3 with and without a 4 mm GDOES 
crater. 
 Ecorr Epit Icorr Ilim
an
 Ilim
ca
 
Bare alloy, un-cratered −900 −600 1.5 x 10−7 1.7 x 10−1 4.0 x 10−5 
Bare alloy , with crater −700 −600 5.5 x 10−8 1.6 x 10−2 6.5 x 10−5 
CAA, un-cratered −900 −500 1.2 x 10−8 2.0 x 10−2 1.1 x 10−5 
CAA, with crater −510 −510 4.7 x 10−8 2.8 x 10−1 9.3 x 10−6 
CCC, un-cratered −500 −300 7.0 x 10−8 1.3 x 10−1 6.0 x 10−6 
CCC, with crater −500 −500 4.3 x 10−7 6.6 x 10−1 2.4 x 10−5 
 
The polarization behaviour of the bare alloy in the absence of controlled damage (blue 
trace, Figure 4.47b) graphically reveals the presence of local anodes and cathodes 
passivated by the presence of the natural oxide film, which breaks down at a pitting 
potential of  −600 mV.  The presence of a GDOES crater  resulted in more pronounced 
cathodic kinetics, leading to the suggestion that the crater as a whole is cathodic with 
respect to the surrounding bulk surface (pink and green traces, Figure 4.47b). 
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When the polarization measurements were terminated before reaching the pitting 
potential and the specimen was allowed to remain immersed in the electrolyte for two 
hours, a second polarization measurement revealed an enhanced resistance to pitting 
inside the GDOES crater, possibly due to re-passivation of the natural oxide film 
(Figure 4.48). Terminating the second polarization early and allowing the specimen to 
remain immersed for a further two hours leads to polarization behavior which may 
reflect depletion of oxygen in the electrolyte solution (green trace, Figure 4.49). 
The polarization behaviour of the specimen supporting an anodized film, in the absence 
of a GDOES crater, suggests inhibition of the cathodic reaction (dark blue trace, Figure 
4.50). In the presence of a GDOES crater, the polarization behaviour suggests possible 
passivation due to leaching of chromate-containing species from the surrounding 
anodized film and deposition in the crater (green trace, Figure 4.50). As with the bare 
alloy, the GDOES crater in the CAA specimen appears to act as a large cathode, with 
extensive inhibition of the cathodic reaction becoming evident due chromate species 
derived from the surrounding anodized film. 
The polarization behaviour of the undamaged specimen supporting a chromate 
conversion coating suggests inhibition of the anodic reaction (pink trace, Figure 4.53c). 
Little change in Ecorr and Icorr is observed in the presence of a 4 mm GDOES crater 
(light blue trace, Figure 4.53c); this may be evidence of rapid and effective self healing 
of the damaged conversion coating. 
 
4.6 Standard chromium-containing inhibitors: summary and conclusions  
In this chapter, it has been demonstrated that the complementary use of the approaches 
highlighted can be used to probe the coated substrates and to examine features of 
relevance to barrier properties and self-healing. 
The polarisation behaviour of the bare AA2024 T3 suggests an increased cathodic 
activity within the 4 mm GDOES crater, compared with the etched and de-smutted 
(passivated) macroscopic alloy surface (Section 4.6.1), probably due to revelation of 
intermetallic particles during alkaline etching (Figure 4.13a). 
After two days of immersion in 35 g l
-1
 NaCl solution, GDOES profiling clearly 
indicated replacement of the thin natural oxide film on the bare AA2024 T3 alloy by a 
thick layer of corrosion products on the bulk surface (Figures 4.1 and 4.2). In detail, 
increased amounts of Cr and O relative to Al on the bulk surface indicate the presence 
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of corrosion products of increased oxygen content (such as Al(OH)3) compared with the 
original alumina film (Al2O3). 
A trace amount of chromium, known to be present in the alloy composition, was 
detected before the immersion test (dark blue profile, Figure 4.1) and there was 
evidence for concentration of chromium into the corrosion products as a result of the 
immersion test (dark blue profile, Figure 4.2). 
GDOES analysis of the bulk surface of the bare alloy after immersion in the presence of 
added chromate in the solution indicated either the formation of a layer of corrosion 
products of reduced thickness compared with that accumulated in the absence of 
chromate, or formation of a protective (coherent) film incorporating chromate species 
from the solution (Figure 4.7; compare Figure 4.2). Visual inspection of the specimens 
(Figure 4.12), coupled with characterization by optical microscopy (Figure 4.13), 
indicates corrosion protection in the presence of chromate in the solution. 
 
The pitting potential of the CAA specimen in the absence of a GDOES crater was 
significantly less negative than that of the bare alloy and the coating was shown to 
generate an extensive region of passivity (Figure 4.50). The polarization behaviour in 
the presence of a GDOES crater revealed that the crater as a whole was cathodic with 
respect to the surrounding anodized film (green trace, Figure 4.50). 
Visual inspection of the elemental depth profiles obtained by sputtering the CAA 
specimen revealed no direct evidence for the leaching of chromium species from the 
bulk film followed by deposition in the crater during immersion in 35 g l
-1
 NaCl 
solution (Figures 4.18 and 4.19). Nevertheless, by comparison with the bare AA2024 
T3 alloy, there is clear evidence for corrosion inhibition of the exposed substrate on the 
4 mm crater base (Figure 4.21; compare Figure 4.6). Further, a quantitative analysis of 
the GDOES profiles does suggest a build-up of chromate species on the exposed 
substrate within the 4 mm crater in response to immersion (Section 4.3.1.2). 
After immersion of the CAA specimen in the presence of added chromate in the 
solution, GDOES analysis indicates both up-take of chromate species from the solution 
and re-distribution of chromate species through the pore system of the unsealed 
anodized film (Figure 4.23, compare Figure 4.18). Re-examination of the 4 mm crater 
using the 2 mm source after immersion in the presence of added chromate indicated 
increased surface roughness of the crater floor along with the presence of an oxygen-
rich layer of increased thickness and a significantly enhanced concentration of 
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chromium species (all features compared with a control crater) – Figures 4.24 and 4.25 
(compare also Figure 4.21). 
The formation of a coherent, protective film in the presence of chromate in the solution 
is also revealed during examination of the specimens by visual inspection (Figure 4.26) 
and by optical microscopy (Figures 4.27 and 4.28) . 
 
The polarization behaviour of the specimen supporting a chromate conversion coating 
indicates inhibition of the anodic reaction, with evidence for efficient self-healing in the 
presence of a GDOES crater (Figure 4.53). The mechanism for anodic inhibition could 
be CrO4
−
 competing with Cl
−
 in the presence of dissolved Al
3+
 to form an insoluble 
deposit, thus stifling pit growth. 
GDOES analysis of the conversion coated specimen indicates that the chemical 
characteristics of the coating are altered by immersion in 35 g l
-1
 NaCl solution. In 
particular, a re-distribution of chromate species within the bulk coating is indicated 
(Figures 4.32 and 4.33).  Re-examination of the 4 mm crater using the 2 mm source 
after immersion indicates the presence of a thick layer incorporating chromate species, 
which is not observed in the control crater (Figures 4.35 and 4.35 – note the different 
horizontal scales). The layer enriched in chromate species is significantly thicker than 
the layer of corrosion products, the latter being indicated by the oxygen half-peak-width 
(Figure 4.35). This confirms the presence of a protective altered layer incorporating 
chromate species derived from the conversion coating surrounding the crater. 
Immersion in the presence of added chromate in the solution results in a moderate re-
distribution of chromium species in the bulk coating (Figure 4.36, compare Figure 
4.32). Sputtering inside the 4 mm crater using the 2 mm source after immersion in the 
presence of added chromate indicates a significant increase in the relative amount of 
chromium compared to the control crater (Figure 4.37, compare Figure 4.34). However, 
the chromium-containing layer is significantly thinner, and the relative amount of 
chromium sampled is significantly less) than sampled in the crater that was immersed in 
the absence of added chromate in the solution (Figure 4.37, compare Figure 4.35). This 
may point to the existence of a complex equilibrium between the concentration of 
chromate species in the coating and in the solution , which influences that availability of 
chromate for self-healing processes in the crater (possibly the mechanism is diffusion 
controlled). 
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The effectiveness of the conversion coating as a barrier and as a source of chromate 
species for self-healing of the 4 mm crater is also evident by visual inspection (Figure 
4.39) and optical microscopy (Figures 4.40 and 4.41). 
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Elemental depth profile obtained using the 4 mm source to sputter the bare AA2024 T3 alloy
before immersion (plate 2, crater 12)
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Figure 4.1: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy before immersion testing. Multiplication factors have been applied to some 
of the profiles to improve visibility. 
 
 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the bare 
AA2024 T3 alloy after immersion in 35 gl-1 NaCl solution for 2 days
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Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the bare 
AA2024 T3 alloy after immersion in 35 gl-1 NaCl solution for 2 days
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Figure 4.2: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy after 2 days of immersion in 35 g l
-1
 NaCl solution: a) full profile; b) 
expanded to show area of interest. Multiplication factors have been applied to some of the profiles 
to improve visibility. 
b 
a 
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Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the control 
specimen (not immersed)
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Figure 4.3: Elemental depth profile obtained using the 2 mm diameter source to sputter the bulk 
surface of the control specimen. Multiplication factors have been applied to some of the profiles to 
improve visibility. 
 
 
Elemental depth profile obtained using the 2 mm source to sputter inside the 4 mm craters
on the control specimen (not immersed)
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Figure 4.4: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the control specimen. Multiplication factors have been applied to some of the profiles 
to improve visibility. 
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Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the bare 
AA2024 T3 alloy after immersion in 3.5 gl-1 NaCl solution for 2 days
0
5
10
15
20
25
30
35
40
45
0 2 4 6 8 10 12
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
Aluminium
Carbon
Chromium (x200)
Copper (x4)
Oxygen (x10)
 
Figure 4.5: Elemental depth profile obtained using the 2 mm diameter source to sputter the bulk 
surface of the bare alloy after 2 days of immersion in 35 g l
-1
 NaCl solution. 
 
 
Elemental depth profile obtained using the 2 mm source to sputter inside the 4 mm craters on the 
bare AA2024 T3 alloy after immersion in 35 gl-1 NaCl solution for 2 days (plate 2, crater 12)
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Figure 4.6: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the bare alloy after 2 days of immersion in 35 g l
-1
 NaCl solution. Multiplication 
factors have been applied to some of the profiles to improve visibility. 
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Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the
bare AA2024 T3 alloy after immersion in 35 gl-1 NaCl/1 M chromate solution for 2 days
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Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the
bare AA2024 T3 alloy after immersion in 35 gl-1 NaCl/1 M chromate solution for 2 days
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Figure 4.7: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution: a) full 
profile; b) expanded to show area of interest. Multiplication factors have been applied to some of 
the profiles to improve visibility. 
 
 
Elemental depth profile obtained using the 2 mm source to sputter inside the 4 mm craters on the 
bare AA2024 T3 alloy after immersion in 35 gl-1 NaCl/1 M chromate solution
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Figure 4.8: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the bare alloy after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution 
Multiplication factors have been applied to some of the profiles to improve visibility. 
a 
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Aluminium depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy using the 4 mm 
source before and after immersion tests
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Aluminium depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy using the 4 mm 
source before and after immersion tests
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Figure 4.9: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the bare alloy before and after immersion testing: a) 60 s of sputtering time; b) expanded 
to show the initial 4 s of sputtering time, for improved clarity. 
 
 
a 
b 
 168 
Aluminium depth profiles obtained using the 2 mm source to sputter inside the 4 mm craters
on the bare AA2024 T3 alloy before and after immersion tests
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Figure 4.10: Aluminium depth profiles obtained using the 2 mm diameter source to sputter within 
the 4 mm craters on the bare alloy before and after immersion testing. 
 
Oxygen depth profiles obtained using the 2 mm source to sputter inside the 4 mm craters
on the bare AA2024 T3 alloy before and after immersion tests
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Figure 4.11: Oxygen depth profiles obtained using the 2 mm diameter source to sputter within the 4 
mm craters on the bare alloy before and after immersion testing. 
 
   
a)                               b)                            c) 
Figure 4.12: Photographic images of a 4 mm GDOES crater on the bare AA2024 T3 alloy: a) 
control specimen; b) after 2 days of immersion in 35 g l
-1
 NaCl solution, c) after 2 days of 
immersion in 35 g l
-1
 NaCl + 1M chromate solution. 
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c) 
Figure 4.13: Optical micrographs of the bulk surface of the bare alloy (magnification x 50): a) 
before immersion testing; b) after 2 days of immersion in 35 g l
-1
 NaCl solution, c) after 2 days of 
immersion in 35 g l
-1
 NaCl/1 M chromate solution. 
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50 µm
 
c) 
Figure 4.14: Optical micrographs of the floor of a 4 mm GDOES crater on the bare alloy 
(magnification x 50): a) before immersion testing; b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution, c) after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution. 
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a) 
 
b) 
Figure 4.15: 3D images of a segment of a 4 mm GDOES crater on the bare alloy: a) control 
specimen, b) after 2 days of immersion in 35 g l
-1
 NaCl solution. 
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Figure 4.16: 3D composite image showing the edge-to-edge profile of a 4 mm GDOES crater on the 
control specimen. 
 
 
Figure 4.17: An area difference plot of a segment of a 4 mm GDOES crater on the control 
specimen. The plot allows a calculation to be made of the difference in height between the selected 
areas (rectangles). 
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Elemental depth profile obtained using the 4 mm source to sputter the chromic acid anodized
AA2024 T3 alloy before immersion testing
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Figure 4.18: Elemental depth profile obtained using the 4 mm diameter source to sputter the 
chromic acid anodized specimen before immersion. Multiplication factors have been applied to 
some of the profiles to improve visibility. 
 
 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the chromic 
acid anodized AA2024 T3 alloy after immersion in 35 gl-1 NaCl solution
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Figure 4.19: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the chromic acid anodized specimen after 2 days of immersion in 3.5 g l
-1
 NaCl solution. 
Note that multiplication factors have been applied to some of the profiles to improve visibility. 
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Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the
chromic acid anodized AA2024 T3 alloy (not immersed)
0
5
10
15
20
25
30
35
0 10 20 30 40 50 60 70 80 90 100
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
Aluminium
Chromium (x200)
Copper (x4)
Oxygen (x10)
 
Figure 4.20: Elemental depth profile obtained using the 2 mm diameter source to sputter the bulk 
surface of the chromic acid anodized specimen (control - not immersed). Multiplication factors 
have been applied to some of the profiles to improve visibility. 
 
 
Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on the 
chromic acid anodized AA2024 T3 alloy (not immersed)
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Figure 4.21: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the chromic acid anodized specimen (control - not immersed). Multiplication factors 
have been applied to some of the profiles to improve visibility. 
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Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on the 
chromic acid anodized AA2024 T3 alloy after immersion in 35 gl
-1
 NaCl solution for 2 days (plate 2, 
crater 7)
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Figure 4.22: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the chromic acid anodized specimen after 2 days of immersion in 35 g l
-1
 NaCl 
solution. Multiplication factors have been applied to some of the profiles to improve visibility. 
 
 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the chromic 
acid anodized AA2024 T3 alloy after immersion in 35 gl
-1
 NaCl/1M chromate solution for 2 days
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Figure 4.23: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the chromic acid anodized specimen after 2 days of immersion in 35 g l
-1
 NaCl/1 M 
chromate solution. Multiplication factors have been applied to some of the profiles to improve 
visibility. 
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Elemental depth profile obtained using the 2 mm source to sputter inside the 4 mm crater on the 
chromic acid anodized AA2024 T3 after immersion in 35 gl
-1
 NaCl/1 M chromate solution for 2 days
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Figure 4.24: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the chromic acid anodized specimen after 2 days of immersion in 3.5 gl
-1
 NaCl/1 M 
chromate solution. Multiplication factors have been applied to some of the profiles. 
 
Aluminium depth profiles obtained using the 2 mm source to sputter inside the 4 mm craters on the 
bare and chromic acid anodized (CAA) AA2024 T3 alloy
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Figure 4.25: Aluminium depth profiles obtained using the 2 mm diameter source to sputter within 
the 4 mm craters on the bare alloy and on the chromic acid anodized specimen, before and after 
immersion tests. 
 
   
a)                                       b)                                      c) 
Figure 4.26: Photographic images of a 4 mm GDOES crater on the chromic acid anodized 
specimen: a) before immersion; b) after 2 days of immersion in 35 g l
-1
 NaCl solution, c) after 2 
days of immersion in 35 g l
-1
 NaCl + 1M chromate solution. 
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c) 
Figure 4.27: Optical micrographs of the bulk surface of the chromic acid anodized specimen 
(magnification x 50): a) before immersion testing; b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution, c) after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution. 
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c) 
Figure 4.28: Optical micrographs of the floor of a 4 mm GDOES crater on the chromic acid 
anodized specimen (magnification x 50): a) before immersion testing; b) after 2 days of immersion 
in 35 g l
-1
 NaCl solution, c) after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution. 
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a) 
 
b) 
Figure 4.29: 3D composite edge-to-edge profile of a 4 mm GDOES crater on the chromic acid 
anodized specimen: a) control - not immersed; b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution. 
 
 180 
 
a) 
 
b) 
Figure 4.30: A segment of a 4 mm crater on the chromic acid anodized specimen after 2 days of 
immersion in 35 g l
-1
 NaCl solution: a) area difference plot; b) 3D image of the crater edge showing 
the excavated material. 
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a) 
 
b) 
Figure 4.31: A segment of a 4 mm crater in the chromic acid anodized specimen after 2 days of 
immersion in 35 g l
-1
 NaCl/1 M chromate solution: a) area difference plot; b) 3D image of the crater 
edge showing the excavated material. 
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Elemental depth profile obtained using the 4 mm source to sputter the AA2024 T3 alloy supporting a 
chromate conversion coating (CCC) (plate1, crater 3 - not for immersion)
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Figure 4.32: Elemental depth profile obtained using the 4 mm diameter source to sputter the 
conversion coated specimen before immersion testing. Multiplication factors have been applied to 
some of the profiles to improve visibility. 
 
 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the AA2024 T3 
alloy supporting a chromate conversion coating after immersion in 35 gl
-1
 NaCl solution
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Figure 4.33: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the conversion coated specimen after 2 days of immersion in 35 g l
-1
 NaCl solution. Note 
that multiplication factors have been applied to some of the profiles to improve visibility. 
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Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on the 
AA2024 T3 alloy supporting a chromate conversion coating (plate 1, crater 3 - not immersed)
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Figure 4.34: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the conversion coated specimen (control - not immersed). Multiplication factors have 
been applied to some of the profiles to improve visibility. 
 
 
 
Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on the 
AA2024 T3 supporting a chromate conversion coating after immersionin 35 gl-1 NaCl solution (plate 
2, crater 7)
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Figure 4.35: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the conversion coated specimen after 2 days of immersion in 35 g l
-1
 NaCl solution. 
Multiplication factors have been applied to some of the profiles to improve visibility. 
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Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the AA2024 T3 
alloy supporting a chromate conversion coating after immersion in the NaCl/chromate solution
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Figure 4.36: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the conversion coated specimen after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate 
solution. Multiplication factors have been applied to some of the profiles to improve visibility. 
 
Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on the 
AA2024 T3 supporting a conversion coating after immersion in the NaCl/chromate solution (plate 3, 
crater 4)
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Figure 4.37: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the conversion coated specimen after 2 days of immersion in 35 g l
-1
 NaCl/1M 
chromate solution. Multiplication factors have been applied to some of the profiles to improve 
visibility. 
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Aluminium depth profiles obtained using the 2 mm source to sputter inside the 4 mm craters on bare 
AA2024 T3 and on the ally supporting a chromate conversion coating (CCC)
0
5
10
15
20
25
30
35
40
45
0 1 2 3 4 5 6 7 8
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
CCC not immersed bare alloy, not immersed
CCC, immersed in 35 gl-1 NaCl solution bare, immersed in 35 gl-1 NaCl solution
CCC, immersed in NaCl/chromate solution bare, immersed in NaCl/chromate solution
 
Figure 4.38: Aluminium depth profiles obtained using the 2 mm diameter source to sputter within 
the 4 mm craters on the bare alloy and on the conversion coated specimen before and after 
immersion testing. 
 
 
   
a)                                          b)                                           c) 
Figure 4.39: Photographic images of a 4 mm GDOES crater on the conversion coated specimen: a) 
before immersion; b) after 2 days of immersion in 35 g l
-1
 NaCl solution, c) after 2 days of 
immersion in 35 g l
-1
 NaCl + 1M chromate solution. 
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50 µm
 
a) 
50 µm
 
b) 
50 µm
 
c) 
Figure 4.40: Optical micrographs of the bulk surface of the conversion coated specimen 
(magnification x 50): a) before immersion testing; b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution, c) after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution. 
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50 µm
 
a) 
50 µm
 
b) 
50 µm
 
c) 
Figure 4.41: Optical micrographs of the floor of a 4 mm GDOES crater on the conversion coated 
specimen (magnification x 50): a) before immersion testing; b) after 2 days of immersion in 35 g l
-1
 
NaCl solution, c) after 2 days of immersion in 35 g l
-1
 NaCl/1 M chromate solution. 
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a) 
 
b) 
Figure 4.42: 3D composite edge-to-edge profile of a 4 mm GDOES crater in the conversion coated 
specimen: a) control – not immersed; b) after 2 days of immersion in 35 g l-1 NaCl solution. 
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a) 
 
b) 
Figure 4.43: A segment of a 4 mm crater on the conversion coated specimen after 2 days of 
immersion in 35 g l
-1
 NaCl solution: a) area difference plot; b) 3D image. 
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a) 
 
b) 
Figure 4.44: A segment of a 4 mm crater on the conversion coated specimen after 2 days of 
immersion in 35 g l
-1
 NaCl/1 M chromate solution: a) area difference plot; b) 3D image. 
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a) 
 
b) 
Figure 4.45: MEIS spectra of the conversion coated specimen (control – not immersed): a) area 
overlapping undamaged surface; b) area within crater. 
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Figure 4.46: XPS spectra of the conversion coated specimen showing chromium peaks at 574 eV 
(2p3/2) and 584 eV (2p1/2): a) bulk surface, control; b) bulk surface after 2 days of immersion in 35 
g l
-1
 NaCl solution; c) crater floor after 2 days of immersion in 35 g l
-1
 NaCl solution. 
a 
b 
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Bare AA2024 T3
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b) 
Figure 4.47: Electrochemical behaviour of the bare alloy: (a) ocp: blue trace – specimen without 
GDOES crater, pink trace - specimen supporting a 4 mm GDOES crater; (b) polarisation 
behaviour of the bare alloy: blue trace – specimen without GDOES crater; pink trace - specimen 
supporting a 4 mm GDOES crater. The green trace represents the data for the specimen 
supporting a 4 mm GDOES crater after an area correction to consider only the crater area (i.e. 
excluding the surrounding bulk surface). 
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a) Bare AA2024 T3 with 4 mm GDOES crater
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b) 
Figure 4.48: Electrochemical behaviour of the bare alloy supporting a 4 mm GDOES crater: (a) 
ocp; pink trace- before polarisation measurement; blue trace – after polarisation measurement; b) 
polarisation behaviour; pink trace – first sweep, stopped early; blue trace – second sweep, after 
leaving the specimen in the solution for two hours. 
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bare AA2024 T3 (with 4 mm GDOES crater), ocp 1
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a) bare AA2024 T3 (with 4 mm GDOES crater), ocp 2
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b) Bare AA2024 with 4 mm GDOES crater
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c) 
Figure 4.49: Electrochemical behaviour of the bare alloy supporting a 4 mm GDOES crater: (a) ocp 
before first polarisation measurement; b) ocp before second polarisation measurement, c) 
polarisation behaviour: blue trace – first measurement, stopped early (before onset of pitting); pink 
trace – second measurement, after leaving the specimen in the solution for two hours. Polarisation 
measurement was stopped early; yellow trace – third polarisation measurement, after allowing 
specimen to stand in solution for a further two hours. 
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chromic acid anodized AA2024 T3 (no crater), ocp
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a) 
chromic acid anodized AA2024 T3 (with 4 mm GDOES crater), ocp
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b) Polarisation curves for chromic acid anodised (CAA) and bare AA2024 T3
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c) 
Figure 4.50: Electrochemical behaviour of the chromic acid anodized specimen: (a) ocp, specimen 
without a crater; (b) ocp, specimen supporting a 4 mm GDOES crater, (c) polarisation behaviour 
(without area correction): dark blue curve – CAA, without a crater; green curve – CAA with a 4 
mm GDOES crater, purple curve – bare alloy, without a crater; light blue curve – bare alloy with a 
4 mm crater. 
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chromic acid anodized AA2024 T3 (with 4 mm GDOES crater), ocp 1
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a) chromic acid anodized AA2024 T3 (with 4 mm GDOES crater), ocp 2
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b) chromic acid anodized AA2024 T3, with 4 mm GDOES crater
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c) 
Figure 4.51: Electrochemical behaviour of the chromic acid anodized specimen supporting a 4 mm 
GDOES crater: (a) ocp before first sweep; (b) ocp before second sweep, (c) polarisation behaviour; 
blue curve – first sweep, stopped early (before onset of pitting); pink curve – second sweep, after 
leaving the specimen in the solution for two hours. 
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chromic acid anodized AA2024 T3 (with 4 mm GDOES crater), ocp
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a) 
chromic acid anodized AA2024 T3, with 4 mm GDOES crater
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b) 
Figure 4.52: Electrochemical behaviour of the chromic acid anodized specimen supporting a 4 mm 
GDOES crater: (a) ocp before first sweep; (b) polarisation behaviour: dark blue trace – first sweep, 
stopped early; pink trace – second sweep, after leaving the specimen in the solution for two hours. 
Sweep was stopped early; light blue trace – third sweep, after allowing the specimen to stand in 
solution for a further two hours. 
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AA2024 T3 supporting a chromate conversion coating (no crater), ocp
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a) AA2024 T3 supporting a chromate conversion coating (with 4 mm GDOES crater), ocp
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b) 
Polarisation curves for CCC coated and bare AA2024 T3
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c) 
Figure 4.53: Electrochemical behaviour of the conversion coated specimen: (a) ocp, specimen 
without a crater; (b) ocp, specimen with a 4 mm GDOES crater, c) polarisation behaviour: pink 
trace – CAA without a crater, light blue trace – CAA with a 4mm crater, purple trace – bare alloy 
with a 4 mm crater, green trace – bare alloy without a crater. 
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AA2024 supporting a chromate conversion coating (with 4 mm GDOES crater), ocp
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a) AA2024 T3 supporting a chromate conversion coating, with 4 mm GDOES crater
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b) 
Figure 4.54: Electrochemical behaviour of the conversion coated specimen supporting a 4 mm 
GDOES crater: (a) ocp before first sweep; (b) polarisation behaviour: dark blue trace – first sweep, 
stopped early; pink trace – second sweep, after leaving the specimen in the solution for two hours. 
Sweep was stopped early; light blue trace – third sweep, after allowing specimen to stand in 
solution for a further two hours. 
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5 Non-Inhibited Sol-Gel Coatings on AA2024 T3 
The first part of this chapter presents the results of elemental depth profiling by 
GDOES, immersion testing and characterisation of specimens supporting the non-
inhibited TMEG and EPOXY-Al coatings, prepared as outlined in Chapter 3. The 
second part of the chapter presents the results of artificial cell studies involving all the 
non-inhibited coatings described in Chapter 3. 
 
5.1 TMEG sol-gel coating: elemental depth profiling and immersion testing 
Six GDOES craters (4 mm diameter) were generated in each specimen of dimensions 80 
x 50 mm, hence the total defect area approached 75 mm
2
 on an overall specimen area of 
4000 mm
2
. The specimens were immersed in a constant volume (250 ml) of 35 g l
-1
 
NaCl solution for two days. During immersion, the specimens were placed in a 
horizontal position with the craters facing upwards. 
 
5.1.1 Elemental depth profile, before immersion testing 
The elemental depth profile obtained by using the 4 mm diameter source to sputter 
AA2024 T3 supporting the non-inhibited TMEG coating before immersion is shown in 
Figure 5.1. The full profile is presented in Figure 5.1a, while Figure 5.1b is expanded to 
show the oxygen and copper signals on either side of the coating/substrate boundary. 
Note that multiplication factors have been applied to some of the profiles for clarity. 
The silicon signal (light blue profile, Figure 5.1) rises sharply during the first 1.5 s of 
sputtering, to reach a maximum intensity of 30 (60/2) arbitrary units. This intensity is 
maintained for a further 45 s as the bulk coating is sampled. The silicon signal then 
decreases sharply as the coating/substrate interface is reached. 
The initial spike in the oxygen signal (pink profile, Figure 5.1) may be partly due to a 
brief period of plasma instability during initiation, although this is not reflected in the 
silicon profile. An alternative interpretation is that the oxygen spike represents oxygen 
adsorbed from the atmosphere. This interpretation is supported by the presence of a 
similar spike in the nitrogen signal (dark blue profile, Figure 5.1) 
From 6 s to 45 s of sputtering, the oxygen signal describes a plateau at an intensity of 
5.5 (55/10). This matches the plateau in the silicon profile and may therefore be 
interpreted as representing the oxygen content of the bulk sol-gel coating. After 45 s of 
sputtering, the oxygen signal begins to decrease sharply, returning to one-half of the 
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peak intensity after a total sputtering time of 47 s (Figure 5.1b). As sputtering continues 
into the substrate, the intensity of the oxygen signal decreases more gradually. 
After approximately 42 s of sputtering, the aluminium signal (orange profile, Figure 
5.1a) begins to increase from a baseline value to a maximum intensity of 130 arbitrary 
units after a further 40 s of sputtering. 
The copper signal (green profile, Figure 5.1) begins to increase after 46 s of sputtering, 
reaching an intensity of 3 (12/4) after a further 2 s. The copper signal then dips in 
intensity for 1 s before increasing again, reaching a maximum intensity of 11 (44/4) 
after a further 40 s (at a total sputtering time of 90 s). 
 
5.1.2 Elemental depth profile, after immersion testing 
Bulk surface Figure 5.2 presents the elemental depth profile obtained using the 4 mm 
diameter source to sputter the bulk surface of the AA20254 T3 alloy supporting the 
non-inhibited TMEG coating after the immersion test. Figure 5.2a presents the full 
profile, while Figure 5.2b is expanded to show the copper and oxygen signals at the 
coating/substrate interface. The same multiplication factors have been applied as for the 
profiles obtained before immersion. 
The initial increase in the silicon signal is more gradual than was observed before 
immersion, taking approximately 4 s of sputtering time to reach a maximum intensity of 
27 (54/2) (light blue profile, Figure 5.2a). This intensity is then maintained until the 
coating/substrate interface is reached after approximately 50 s of sputtering. 
The oxygen profile is comparable to that obtained before immersion, with a plateau 
between 5 s and 50 s of sputtering at an intensity of 6 (60/10) arbitrary units. As the 
coating/substrate interface is approached, the intensity of the oxygen signal decreases to 
one-half of its peak value over a further 4 s; a total sputtering time of 54 s. These results 
demonstrate the effectiveness of the non-inhibited TMEG coating as a barrier to 
corrosion. 
A four-fold increase in the peak intensity of the nitrogen signal is observed when 
sampling the bulk coating after immersion (dark blue profile, Figure 5.2a) compared 
with before immersion (dark blue profile, Figure 5.2a). This, coupled with the small 
increase in the peak oxygen intensity suggests that the porosity of the bulk coating may 
have increased as a result of immersion, allowing atmospheric gases to diffuse into the 
bulk coating during the time period between the immersion test and subsequent GDOES 
sputtering. This change in coating morphology may explain the visible change in the 
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shape of the silicon profile observed after immersion (light blue profile, Figure 5.2a, c.f. 
Figure 1a). 
 
Within the 4 mm craters The elemental depth profile obtained by using the 2 mm 
diameter source to sputter within the 4 mm diameter crater after immersion is shown in 
Figure 5.3a. Note the different scale on the time axis compared with the previous 
profiles – since the coating had already been removed using the 4 mm diameter source 
before immersion, a relatively short sputtering time was required to sample the exposed 
substrate after immersion. 
The profile in Figure 5.3a is broadly similar to that obtained by sputtering inside the 4 
mm crater in the bare AA2024 T3 alloy after immersion under similar conditions 
(Figure 5.3b). 
Thus, the aluminium signal inside the 4 mm crater increases to an intensity of 10 during 
the first 1.5 s of sputtering, then levels off for a further 4.5 s before increasing again 
(orange profile, Figure 5.3a). A maximum intensity of 50 is reached after a total 
sputtering time of 16 s, compared with 12 s inside the crater in the bare AA2024 T3 
alloy immersed under similar conditions (orange profile, Figure 5.3b). 
The oxygen signal increases to a peak intensity of 4.6 (46/10) during the first 0.8 s of 
sputtering, before decreasing to reach one-half its peak intensity after a total sputtering 
time of 6 s (pink profile, Figure 5.3a). Thus, an altered layer (corrosion products or 
hydrated alumina film) has formed inside the 4 mm crater on the specimen supporting 
the non-inhibited TMEG. This layer is twice the thickness of that sampled inside the 4 
mm crater on the bare AA2024 T3 alloy, where the oxygen signal was reduced to one-
half of the peak intensity after 3 s of sputtering time (pink profile, Figure 5.3b). 
 
5.1.3 Characterisation 
5.1.3.1 Visual inspection 
Photographic images of 4 mm GDOES craters on the AA2024 T3 alloy supporting the 
non-inhibited TMEG coating, before and after the immersion test, are presented in 
Figures 5.4a and b. An image of a 4 mm GDOES crater on the bare AA2024 T3 alloy 
after 2 days of immersion under similar conditions is given, for comparison, in Figure 
5.4c. Little change is observed on the bulk surface of the TMEG coating surrounding 
the crater, with the exception of the appearance of isolated pits (arrows 1 and 2, Figure 
5.4b). 
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The exposed substrate on the base of the 4 mm crater in the TMEG coating displays 
significant discolouration after immersion, suggesting the presence of an altered layer. 
The grey-white ring appearing around the inner edge of the crater (Figure 5.4b) may 
indicate corrosion of the material that was deposited around the crater periphery during 
GDOES sputtering. Alternatively, the deposited material may have become partially 
dislodged during rinsing of the specimen with de-ionized water after the immersion test, 
thus revealing the underlying TMEG coating. The morphology of the deposited material 
is discussed in detail in the following section of this chapter. 
By comparison, both the bulk surface and the crater base on the bare AA2024 T3 alloy 
(Figure 5.4c) reveal intense discolouration, along with the appearance of white speckles 
(possibly aluminium hydroxide). 
 
5.1.3.2 Scanning electron microscopy (FEG SEM) and EDX analysis 
Bulk coating (not immersed) Figure 5.5 presents a series of FEG-SEM images showing 
a cross-sectional view of the non-inhibited TMEG coating on the AA2024 T3 substrate 
(not subjected to immersion testing). Cracks in the coating, clearly visible in Figure 
5.5c-h, may have been generated when cutting the specimen. Note also the roughness of 
the coating surface, visible when the specimen is tilted during image acquisition (Figure 
5.5e). 
 
Bulk coating (after immersion testing) FEG-SEM images of the bulk surface, acquired 
after the immersion test, are presented in Figure 5.6. The coating can be seen to have 
become detached from the substrate (Figure 5.6a and b) and flakes of coating material 
have been lost during immersion, exposing the substrate (Figure 5.6c and d). A large 
second phase particle is visible at the coating/substrate interface in Figure 5.6e and f. 
The second phase particle is partially detached from the substrate, probably due to 
preferential dissolution of the matrix during surface pre-treatment of the alloy before 
dip-coating. 
 
EDX analysis An electron micrograph of the bulk surface of the non-inhibited TMEG 
coating (not subjected to immersion testing) is presented in Figure 5.7a. The EDX 
spectrum of the outlined area reveals peaks for C, O, Si and Al (Figure 5.7b). 
After the immersion test, analysis of the surface area outlined in Figure 5.8a gave rise to 
the EDX spectrum in Figure 5.8b. The tables of elemental abundances in Figures 5.7c 
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and 5.8c reveal little change in the abundances of C, O and Si due to immersion (Figure 
5.8). This indicates good coating integrity. 
 
4 mm GDOES crater (not immersed) FEG-SEM images presenting a cross-section of 
the edge of a 4 mm GDOES crater in the non-inhibited TMEG coating (not subjected to 
immersion testing) are presented in Figure 5.9. It is evident that material excavated from 
the crater, during GDOES sputtering, is deposited onto the bulk surface, with bare 
substrate being deposited on top of excavated coating material. This deposited material 
tails off gradually, so that a wide area of coating around the crater perimeter is covered. 
Beneath the deposit of excavated material, a thin veneer of residual coating can be 
observed extending onto the base of the crater (Figure 5.9a). This is because a relatively 
short sputtering time was used in an attempt to avoid the development of excessively 
deep craters with high surface roughness (such craters were obtained when sputtering 
specimens supporting the EPOXY-Al coatings and are described in Section 5.2). 
Possible traces of residual TMEG coating material are also visible toward the centre of 
the crater in Figure 5.10a. Thus, while a relatively short sputtering time limits surface 
roughness on the crater base, there is a problem with ensuring complete removal of the 
coating material. This would be undesirable for craters in inhibited coatings (to be 
discussed in later chapters), where the aim is to detect transference of inhibiting species 
from the coating to the crater base in response to immersion testing. 
 
4 mm GDOES crater (after immersion testing) FEG-SEM images of the edge of the 4 
mm crater, acquired after the immersion test, are presented in Figure 5.11. The material 
that was deposited around the crater periphery during GDOES sputtering to generate the 
4 mm crater is clearly visible. By comparison with Figure 5.9, the excavated material 
imaged after immersion reveals a tendency to flake. 
Images of the base of the 4 mm crater (near the centre) reveal the formation of a thick, 
coherent altered layer, along with isolated deposits (possibly corrosion product) on the 
surface (Figure 5.12). 
 
EDX analysis, before immersion Figure 5.13b - d presents three EDX spectra of the 
exposed AA2024 T3 substrate within a 4 mm GDOES crater in a specimen supporting 
the non-inhibited TMEG coating (not subjected to immersion testing). The areas 
examined are highlighted in the electron micrograph in Figure 5.13a. 
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Spectrum 1 displays peaks for Al, Zn, Cu, Fe, Mn and Si species typical of those in 
second phase material. 
Spectrum 2 was taken from an area of interesting morphology, considered to be due to 
differential sputtering rates for the matrix and the second phase particles. This spectrum 
shows peaks for O, Mn, Cu, Si, Al, Mg, suggesting a mixture of coating material and 
matrix. Thus, the area examined may be a concavity in which coating material was 
incompletely removed during sputtering. An argon peak is also present in spectrum 2, 
possibly indicating the presence of entrained argon from the GDOES plasma. 
Spectrum 3 displays peaks for Al, Mg, Cu and Mn, representative of the alloy matrix. 
Argon is again present. 
 
EDX analysis, after immersion An electron micrograph of the base of a 4 mm GDOES 
crater in the AA2024 T3 supporting the non-inhibited TMEG coating, acquired after 
two days of immersion in 35 g l
-1
 NaCl solution is presented in Figure 5.14a. An EDX 
spectrum from the outlined area is presented in Figure 5.14b. Peaks for O, Al, Mn, Cu 
and Mg are again present, along with Ar, but no Si peak was observed, indicating that 
the area analysed contained no remnants of coating material. Thus, the spectrum may be 
compared with the spectrum in Figure 5.13d. Such a comparison reveals a significant 
increase in the amount of oxygen present on the crater base after the immersion test. 
This can be correlated with the formation of a thick altered layer, as observed in the 
FEG-SEM images and deduced from the elemental depth profiles obtained after 
immersion testing. 
 
5.1.4 TMEG sol-gel coating: conclusions 
The non-inhibited TMEG coating was not significantly affected by the immersion 
conditions, in contrast to the bare AA2024 T3 alloy for which the bulk surface was 
shown to have developed a thick covering of corrosion products. The effectiveness of 
the non-inhibited TMEG coating as a barrier to corrosion is thus demonstrated, although 
an increase in coating porosity due to immersion may be evident. 
The formation of a thick, coherent altered layer was evident on the exposed substrate 
inside the 4 mm GDOES crater. This was significantly thicker than the altered layer 
observed inside the 4 mm crater on the bare AA2024 T3 alloy immersed under the same 
conditions. Further, SEM images revealed the presence of clumps of material (possibly 
corrosion products) on top of the altered layer. Thus, in the absence of inhibiting species 
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in the surrounding coating, the exposed substrate in the crater is unprotected from 
corrosion. 
 
5.2 Non-inhibited EPOXY-Al coating 
5.2.1 Effect of varying concentration of ethanol in the coating preparation 
Four GDOES craters (4 mm diameter) were generated on each of the following 
specimens: EPOXY-Al concentrated, EPOXY-Al10EtOH, EPOXY-Al20EtOH and 
EPOXY-Al30EtOH. Thus, the total defect area is about 50 mm
2
 on an overall specimen 
area of 4000 mm
2
. The specimens were immersed in a constant volume (250 ml) of the 
35 g l
-1
 NaCl solution, held at a constant temperature of 23 °C in a water bath for two 
days. Elemental depth profiles of the bulk surface were obtained using the 4 mm 
diameter source before and after immersion. Elemental depth profiles inside the 4 mm 
craters after immersion were obtained using the 2 mm diameter source. 
 
5.2.1.1 Aluminium depth profiles 
Bulk surface, before immersion testing For the specimen supporting the concentrated 
EPOXY-Al coating, the aluminium signal (Figure 5.15, dark blue profile) maintains a 
low, relatively constant intensity during the first 50 s of sputtering, during which time 
the coating is being sampled. Between 50 and 100 s, the intensity of the aluminium 
signal begins to rise gradually as the coating/substrate interface is reached. The interface 
is not sharp and a further 300 s of sputtering are required before the aluminium signal 
levels off and the bulk substrate has been sampled. 
The aluminium profiles generated by sputtering the specimens EPOXY-Al10EtOH, 
EPOXY-Al20EtOH an EPOXY-Al30EtOH (Figure 5.15) also show a rise in intensity 
commencing at around 50 s but, in each case, the interface appears more extended than 
that for the specimen bearing the concentrated coating, so that the initial increase in the 
gradient of the aluminium signal is more gradual. However, after 120 – 150 s of 
sputtering, the gradients become steeper than that for EPOXY-Alconc. These profiles 
suggest that the coatings prepared in the presence of ethanol are thicker than that 
prepared in the absence of ethanol, contrary to expectations. The eddy current 
measurements described in Chapter 3 indicated a significant overlap in the range of 
coating thicknesses obtained for these two formulations. 
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Bulk surface, after immersion in 35 g l
-1
 NaCl solution For the EPOXY-Al30EtOH 
specimen, the plateau observed during the first 50 s of sputtering before immersion 
(green profile, Figure 5.15) is no longer evident after immersion (green profile, Figure 
5.16, see also Figure 5.21), suggesting that bulk coating material has been lost during 
the immersion test. 
The aluminium profile obtained by sputtering the bulk surface of the EPOXY-
Al20EtOH specimen after immersion (red profile, Figure 5.16) shows a moderate 
increase in gradient during the first 50 s of sputtering (compared with the profile 
obtained before immersion, see Figure 5.20), although this effect is significantly less 
pronounced than that observed for the EPOXY-Al30EtOH specimen. 
An increased initial gradient for the aluminium signal acquired after immersion is 
evident to a lesser extent for the EPOXY-Al10EtOH specimen (pink curve, Figure 5.16, 
see also Figure 5.19), while for the specimen supporting the concentrated EPOXY-Al 
coating, there is no significant change in the gradient of the aluminium signal in 
response to immersion (Figure 5.16, dark blue curve. See also Figure 5.18). 
These observations indicate a clear trend of increasing coating degradation with 
increasing concentration of ethanol in the coating formulation. 
 
Within the 4 mm craters, after immersion in 35 g l
-1
 NaCl solution The aluminium 
depth profiles obtained when sputtering the exposed substrate inside the 4 mm craters 
(Figure 5.17) each display a gradual increase in intensity of the aluminium signal, 
broadly comparable to that observed for the bare alloy under the same conditions. 
However, the profiles of the coated specimens each display a shoulder at an intensity of 
3 – 5 arbitrary units during the first 20 – 50 s of sputtering time. This may represent a 
relatively dense layer of corrosion products near the surface of the exposed substrate in 
the 4 mm crater. Alternatively, the sol-gel coating may not have been completely 
removed during the GDOES sputtering using the 4 mm source before immersion 
testing. Evidence for the latter interpretation is presented in Section 5.2.1.4. 
 
5.2.1.2 Oxygen depth profiles 
Before immersion testing The half-peak-width of the oxygen signal acquired by 
GDOES sputtering before immersion (Figure 5.22) increases in the order: 
EPOXY-Alconc < EPOXY-Al30EtOH ≤ EPOXY-Al10EtOH < EPOXY-Al20EtOH. 
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This reflects a general increase in coating thickness with increasing proportion of 
ethanol. 
 
Bulk surface, after immersion testing The oxygen depth profiles acquired after 
immersion (Figure 5.23) indicate that the EPOXY-Al10EtOH and EPOXY-Al20EtOH 
coatings have attained similar thicknesses, while the EPOXY-Al30EtOH coating is 
noticeably thinner. All three coatings prepared in the presence of ethanol are thinner 
after immersion than the coating prepared in the absence of ethanol. This suggests that 
the use of ethanol in the coating formulation results in inferior coating adhesion to the 
substrate and, hence, loss of coating material during immersion. 
 
Within the 4 mm craters, after immersion testing The thickness of corrosion products 
sampled within the 4 mm craters after immersion (Figure 5.24) increases in the order: 
EPOXY-Al20EtOH < EPOXY-Al30EtOH < EPOXY-Al10EtOH = EPOXY-Alconc. 
All craters show a greater thickness of corrosion products than the bare AA2024 T3 
alloy immersed under the same conditions, suggesting an increased tendency for 
corrosion of the exposed substrate in the presence of the coatings. This may be due to 
exposure of a small surface area of substrate (inside the crater) on the coated specimen 
compared to the entire surface area of bare alloy, the volume of solution being constant. 
 
5.2.1.3 Characterisation: visual inspection 
Photographic images of 4 mm diameter GDOES craters in the coated specimens, 
acquired before and after 2 days of immersion in 35 g l
-1
 NaCl solution are presented in 
Figures 5.25 – 5.28. For comparison, photographic images of a 4 mm crater on the bare 
alloy, acquired before and after immersion under similar conditions, are presented 
Figure 5.29. The crater in the bare alloy reveals a general loss of metallic lustre after 
immersion, along with the appearance of grey-white patches which may represent 
hydrated alumina. This general pattern of corrosion is visible on the craters in the 
specimens supporting the non-inhibited EPOXY-Al coatings, although in these there is 
a marked tendency for the grey-white areas to appear around the perimeters of the 
craters as well as in the form of patches in the centre of the craters. This suggests that 
the exposed substrate inside the crater may be more anodic when surrounded by a 
coated area, as compared to a crater surrounded by bare alloy. 
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After immersion, the bulk surface of the bare alloy (i.e. outside the 4 mm craters) shows 
a marked discolouration, along with the presence of numerous pits. In contrast, the bulk 
surfaces of the coated specimens remain largely unchanged after the immersion test, 
indicating the effectiveness of the coatings as barriers toward corrosion. 
 
5.2.1.4 Characterisation: optical microscopy 
EPOXY-Al30EtOH Figure 5.30 presents three optical micrographs of a 4 mm crater in 
the EPOXY-AL30EtOH specimen, acquired at a magnification factor of x 20 before 
immersion testing. An area of the bulk coating is visible to the left of Figure 5.30a, with 
a thin dark curve representing the crater edge at the centre of the image. To the right of 
the crater edge, a region of dark material with clearly-defined grain boundaries 
gradually gives way to an area of brighter (more reflective) material. The dark 
transitional area may represent residual coating material, while the more reflective 
material represents the exposed substrate. 
An area of the crater base further to the right of the edge is imaged in Figure 5.30b. 
Here we see the exposed substrate, with second phase particles visible as darker 
inclusions.  
In Figure 5.30c, the central region of the crater base is imaged. The centre of the crater 
is less reflective than the area imaged in Figure 5.30b and might represent incompletely 
removed coating material rather than completely exposed substrate. 
The same 4 mm crater, imaged after 2 days of immersion in 35 g l
-1
 NaCl solution, is 
shown in Figure 5.31. The thin black line delimiting the crater edge in Figure 5.30a A 
has been replaced by a wider and more irregular dark brown line in Figure 5.31a. This 
may represent corrosion and re-distribution of material that was excavated from the 
crater and deposited around the periphery during GDOES sputtering before the 
immersion test. To the right of the crater edge in Figure 5.31a is a narrow area in which 
little sign of corrosion is evident. This area may represent a remnant of coating material 
that was not removed during GDOES sputtering to generate the crater, corresponding to 
the dark area observed in Figure 5.30a. On the far right of the image in Figure 5.31a, 
and in Figure 5.31b, the exposed substrate is seen to be intensely corroded (compare 
Figure 5.30b). Finally, a comparison of Figures 5.31c and 5.30c indicates corrosion of 
the material at the centre of the 4 mm crater. Thus, if there is a veneer of incompletely 
removed coating material at the centre of the crater, this provides an insufficient barrier 
towards corrosion of the underlying substrate. 
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EPOXY-Alconc Optical micrographs of the exposed substrate at the base of a 4 mm 
GDOES crater in the specimen supporting the concentrated EPOXY-Al coating are 
presented in Figure 5.32, a) before and b) after the immersion test. Typical features 
relating to the matrix and secondary particles, visible in Figure 5.32a, are completely 
obscured by a layer of corrosion products in Figure 5.32b. 
 
5.2.1.5 FEG-SEM and EDX analysis 
FEG-SEM images of the specimen supporting the concentrated EPOXY-Al coating 
(not immersed) FEG-SEM images of a cross section of the AA2024 T3 alloy supporting 
the concentrated EPOXY-Al coating are presented in Figure 5.33. The coating thickness 
on this specimen is 7.6 ± 0.1 µm. The coating is seen to fill indentations in the substrate 
(formed by loss of second phase particles during surface pre-treatment) and, in Figure 
5.33b, there is evidence of a gap between the coating and the substrate, indicating poor 
adhesion. 
The composite FEG-SEM image in Figure 5.34 presents two cross-sectional views of 
the edge of a 4 mm GDOES crater on a specimen supporting the concentrated EPOXY-
Al coating. It is evident that material has been excavated from the crater base and 
deposited at the crater edge (arrow 2, Figure 5.34), tailing off over an extended distance 
from the crater. A gap between the deposited material and the bulk coating surface is 
clearly visible (arrow 3). The bulk EPOXY-Al coating itself displays poor adhesion to 
the underlying substrate, having a tendency to flake (arrow 1), although the coating can 
be seen to fill depressions in the substrate (arrow 4) formed by loss of second phase 
particles during surface pre-treatment of the AA2024 T3 alloy. The exposed substrate 
on the crater base is indicated by arrow 5 in Figure 5.34. 
An extended sputtering time was used in an attempt to avoid leaving a thin layer of 
coating material in the crater base. In Figures 5.34 and 5.35 this is seen to have 
produced a deep crater, penetrating up to 10 µm into the AA2024 T3 substrate (Figure 
5.35) and generating a significant degree of surface roughness (Figure 5.36). Further, 
the crater wall takes the form of a shallow incline, which leaves a ring of exposed 
coating material around the inner edge of the crater. 
The FEG-SEM images in Figure 5.37 present plan views of a 4 mm GDOES crater in 
the AA2024 T3 supporting the concentrated EPOXY-Al coating (not subjected to 
immersion testing). 
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FEG-SEM images of the specimen supporting the concentrated EPOXY-Al coating 
(after the immersion test) The coating thickness for the specimen that was subjected to 
immersion testing is comparable with that of the reference specimen (Figure 5.38a, 
compare Figure 5.35a). In the composite FEG-SEM images presented in Figure 5.39, 
the material that was excavated during GDOES sputtering and deposited onto the bulk 
surface around the crater periphery is visibly altered in response to immersion (compare 
Figure 5.34), possibly due to corrosion of this material. In Figure 5.39a detachment of 
the coating (arrow 1) and cracks in the coating (arrow 2) are evident. In Figure 5.39c 
there is further evidence of coating detachment at the edge of the crater (arrow). To the 
left of this, the exposed substrate shows evidence of intergranular corrosion. 
The FEG-SEM images of the edge of the crater in Figure 5.40 show clearly a ledge of 
incompletely removed coating extending beyond the excavated material to a distance of 
approximately 10 µm into the crater. A layer of corrosion products is visible on the 
crater base. 
After two days of immersion in 35 g l
-1
 NaCl solution a thin veneer of corrosion 
products blankets the crater base (Figure 5.41). Isolated agglomerates of corrosion 
products are also visible. Figure 5.42 presents details of intergranular corrosion at the 
base of the 4 mm GDOES crater. 
Plan views of the crater edge after 2 days of immersion in 35 g l
-1
 NaCl solution are 
presented in Figure 5.43. The material that was excavated during GDOES sputtering 
and deposited around the crater periphery shows evidence of flaking, while the features 
that were visible on the crater base in Figure 5.47 are completely obscured by corrosion 
products in Figure 5.43.  
 
EDX spectra before and after immersion EDX analyses of the bulk surface of the 
concentrated EPOXY-Al coating before and after the immersion test (Figures 5.44 and 
5.45) reveal little change in the chemical composition of the coating in response to the 
immersion conditions. The argon signal observed in the spectrum taken before 
immersion (Figure 5.44b) is due to the presence of argon from the GDOES plasma (the 
coating surface area sampled in this spectrum was close to a 4 mm GDOES crater). 
Argon is not observed in the spectrum obtained after the immersion test (Figure 5.45b). 
EDX analyses of various regions of the crater edge and crater base are presented in 
Figure 5.46. Area 1 is a raised area in the centre of the crater base and is found to be 
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enriched in oxygen and silicon. Thus, in spite of the long sputtering time, this raised 
central area may still contain traces of the coating material. 
Area 2 is one of the numerous cavities observed on the crater base near to the crater 
edge. The EDX spectrum of area 2 shows a roughly 1:1 ratio of aluminium to oxygen. 
Here the substrate has been fully exposed and, after sputtering, a thin layer of 
aluminium oxide will have rapidly formed upon exposure to the atmosphere. 
Area 3 is at the peak of the material that has been excavated during sputtering and 
deposited around the perimeter of the crater. The spectrum for Area 3 indicates a 
predominance of aluminium. 
 
FEG-SEM images of the specimen supporting the EPOXY-Al20EtOH coating (not 
immersed) Figures 5.47a - d present FEG-SEM images of a cross-section of the 
specimen supporting the EPOXY-AL20EtOH coating (not subjected to immersion 
testing). The coating thickness on this specimen is 10.1 ± 0.1 µm (Figure 5.47a) 
indicating a reduced thickness compared to that derived from eddy current 
measurements. The bright areas seen in the coating in Figures 47a and b are due to 
build-up of electrical charge when the specimen was observed in the microscope 
chamber. 
Figures 5.48a - d present composite images of the edge of a 4 mm diameter GDOES 
crater in the EPOXY-AL20EtOH coating. A long sputtering time was used to ensure 
complete removal of the sol-gel coating from the crater base, hence the deep profile 
evident at the right of Figure 5.48c. 
The images in Figure 5.49 reveal a lack of adhesion between the bulk EPOXY-
AL20EtOH coating and the material that was excavated during GDOES sputtering and 
deposited on the coating surface around the crater periphery. 
 
FEG-SEM images of the specimen supporting the EPOXY-AL20EtOH coating (after 
immersion) The FEG-SEM images in Figure 5.50 present cross-sectional views of the 
edge of a 4mm GDOES crater after the immersion test. A thin veneer of corrosion 
product is evident on the crater base. The corrosion products are seen in detail, along 
with  evidence of intergranular corrosion of the exposed substrate, in Figure 5.51. 
 
EDX spectra before and after immersion EDX analyses of the surface of the EPOXY-
AL20EtOH coating before and after the immersion test (Figures 5.52 and 5.53) reveal a 
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significant increase in the amount of aluminium after immersion. This may result from a 
significant loss of bulk coating material during immersion, such that only the coating-
substrate interface remains. A loss of carbon in response to immersion testing is also 
observed, which may represent loss of ethanol. 
Details of the edge of a 4 mm diameter crater are presented in plan view in Figure 5.54. 
The areas highlighted in Figure 5.54a are the sites of acquisition of the EDX spectra in 
Figure 5.55. Area 1, the crater base near to the edge, is seen to be rich in aluminium 
with very little oxygen, i.e. the substrate has been fully revealed by GDOES sputtering. 
In contrast, area 2 (a steep (near 90°) incline at the crater edge) is rich in oxygen and 
silicon with very little aluminium. Areas 3 and 4, at the peak of the deposited material 
and on the tail of the deposits, are both rich in aluminium. 
Plan views of a 4 mm GDOES crater in the EPOXY-AL20EtOH specimen, acquired 
after the immersion test, are presented in Figure 5.56. Details of the crater edge are 
presented at a higher magnification, showing the material that was excavated during 
GDOES sputtering and deposited around the crater periphery. 
Figure 5.57 presents EDX spectra acquired from the six areas indicated in Figure 56a. 
The EDX spectrum of the crater base towards the centre of the crater (area 1) shows a 
roughly 1:1 ratio of aluminium and oxygen, due to the corrosion products visible in the 
FEG-SEM images. 
Area 2, a region of exposed substrate on the crater base close to the edge, is rich in 
aluminium but depleted in oxygen, suggesting that this region may have been protected 
from corrosion during the immersion test. The explanation for this protection may lie in 
an examination of nearby area 3. The latter is situated on a step between the crater base 
and the deposited material at the crater edge. The EDX spectrum reveals that area 3 is 
rich in silicon and oxygen, suggesting that the step consists of a remnant of the 
EPOXY-AL20EtOH coating either incompletely removed during sputtering or revealed 
by bulk movement of the overlying deposits during immersion. The lack of corrosion on 
area 2 therefore suggests that area 2 was covered by a similar remnant of coating 
material, which may have been subsequently removed during rinsing of the specimen 
with de-ionised water. 
Area 4 is located at the tail-end of the deposited material. Before immersion a high 
aluminium abundance with little oxygen was evident, while after immersion this area is 
seen to be rich in both aluminium and oxygen. Thus it is evident that the aluminium 
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substrate deposited on top of the coating during sputtering has corroded during 
immersion, as has the crater base (area 1). 
The EDX analysis of area 5, located on the bulk surface at a distance from the crater and 
its surrounding deposits, reveals high abundances of oxygen and silicon, as expected for 
the EPOXY-AL20EtOH coating. 
Area 6 was situated on the crater edge where the plan view shows an absence of the 
ledge examined in area 3. The EDX spectrum of area 6 shows a roughly 2:1 ratio of 
aluminium to oxygen, possibly indicating that corrosion has occurred but to a limited 
extent compared to that seen on the crater base away from the edge. 
 
5.2.1.6 Non-inhibited EPOXY-Al coating: summary and conclusions 
The anticipated trend of reduction in coating thicknesses with increased proportion of 
ethanol in the sol-gel formulation was not observed. The observed trend may be due to 
retention of ethanol in the cured coating. Such entrapment of ethanol may be 
responsible for the observed reduction in the coating/substrate adhesion and hence a 
compromise of the barrier properties of these coatings. Nevertheless, by visual 
inspection, the bulk surfaces of the coated specimens remain largely unchanged after the 
immersion test, indicating some effectiveness of the coatings as barriers. 
The 4 mm GDOES craters each show a greater thickness of corrosion products than the 
4 mm GDOES crater on the bare alloy immersed under the same conditions. This 
suggests a greater tendency for corrosion of the exposed substrate in the presence of the 
coatings. However, it must be borne in mind that, in the case of the bare alloy, the entire 
surface area of the specimen was subject to corrosion while, in the case of the coated 
specimens, only the bases of the 4 mm craters were exposed. 
The SEM analysis of these specimens strongly suggests that the sol-gel coating is not 
completely removed during the GDOES sputtering, except towards the centre of the 
craters. This is a consequence of the long sputtering time required to reveal the 
substrate, in combination with a variation in sputtering rate with variations in the 
coating morphology with depth. These factors result in the production of a bowl-shaped 
crater rather than the desired steep-walled crater. 
Further, the SEM images demonstrate the presence of an extensive deposit of excavated 
material around the crater periphery. When considering inhibitor-doped coatings, this 
may reduce the potential for inhibitor species to diffuse from the coating into the 
solution near the craters. 
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The EDX spectra indicate the presence of corrosion products, especially in the regions 
of the crater base where the coating has been most effectively removed during GDOES 
sputtering. 
 
5.2.2 Effect of varying the concentration of sodium chloride used in the 
immersion test 
Four craters (4 mm diameter) were generated on each of four specimens of EPOXY-
Al30EtOH, giving a total defect area of about 50 mm
2
 on an overall specimen area of 
4000 mm
2
. The specimens were then immersed in solutions of NaCl in a range of 
concentrations given in Table 5.1. The coating thicknesses of the four specimens (as 
measured by the eddy current method) are also given. Immersion was for two days at a 
constant temperature of  25 °C. 
 
Table 5.1: Specimens used in immersion tests: coating thicknesses and concentration of 
electrolyte. 
Specimen Coating thickness (μm) 
Concentration of 
NaCl solution (g l
-1
) 
EPOXY-Al30EtOH specimen 13 8.8 35 
EPOXY-Al30EtOH specimen 14 9.7 24 
EPOXY-Al30EtOH specimen 15 6.0 14 
EPOXY-Al30EtOH specimen 16 9.9 3 
 
5.2.2.1 Oxygen depth profiles 
Before immersion testing The oxygen depth profiles obtained by using the 4 mm 
diameter source to sputter each of the four specimens before immersion are broadly 
similar, with minor variations in the half-peak-widths reflecting minor variations in 
coating thickness (Figure 5.58). 
 
Bulk surface, after immersion testing 
35 g l
-1
 NaCl solution After 2 days of immersion in 35 g l
-1
 NaCl solution, the 
sputtering time required to reduce the oxygen signal to one-half of its peak intensity is 
approximately 50 s (orange profile, Figure 5.59) compared with approximately 100 s 
before immersion (orange profile, Figure 5.58). This indicates a significant (50%) 
reduction in coating thickness. 
 
 217 
24 g l
-1
 NaCl solution After 2 days of immersion in 24 g l
-1
 NaCl solution, the 
sputtering time required to reduce the oxygen signal to one-half of its peak intensity is 
90 s (green profile, Figure 5.59), compared with approximately 140 s before immersion 
(green profile, Figure 5.58). Thus, reducing the concentration of NaCl from 35 g l
-1
 to 
24 g l
-1
 appears to give a small reduction in the percentage loss of bulk coating material. 
 
14 g l
-1
 NaCl solution Immersion in 14 g l
-1
 NaCl solution resulted in a 50% reduction 
in coating thickness, comparable to that seen after immersion in 35 g l
-1
 NaCl solution. 
The sputtering time required to reduce the oxygen signal to one-half of the peak 
intensity is 140 s before immersion (blue profile, Figure 5.58) and approximately 70 s 
after immersion (blue profile, Figure 5.59). 
 
3 g l
-1
 NaCl solution Immersion in 3 g l
-1
 NaCl solution gives a considerably less 
significant reduction in coating thickness, the corresponding sputtering times being 
approximately 120 s before immersion (pink profile, Figure 5.58) and approximately 
100 s after immersion (pink profile, Figure 5.59). 
 
Thus, the trend is broadly as would be expected, with immersion in higher 
concentrations of NaCl solution resulting in more significant coating degradation as 
more sites are attacked than in the case of immersion in solutions of reduced chloride 
concentration. 
 
Within the 4 mm craters, after immersion testing The oxygen depth profiles obtained 
using the 2 mm diameter source to sputter within the 4 mm craters on the EPOXY-Al-
coated specimens after 2 days of immersion in sodium chloride solution (various 
concentrations) are presented in Figure 5.60. The oxygen depth profile obtained by 
sputtering inside a 4 mm crater in the bare alloy after immersion in 35 g l
-1
 NaCl 
solution for two days is included for comparison. 
The thickness of corrosion products inside the crater is found to increase in the order: 
14 g l
-1
 NaCl ≈ 24 g l-1 NaCl < 35 g l-1 NaCl ≈ 3 g l-1 NaCl. 
All concentrations of NaCl solution resulted in thicker layers of corrosion product 
inside the craters in the coated specimens than was observed inside a crater in the bare 
alloy that was immersed in 35 g l
-1
 NaCl solution (grey curve, Figure 5.60). 
 
 218 
5.2.2.2 Characterisation: Visual Inspection 
A photographic image of a representative 4 mm diameter GDOES crater on a specimen 
supporting the EPOXY-Al30EtOH coating, acquired before immersion, is presented in 
Figure 5.61a. Photographic images of similar 4 mm diameter GDOES craters on each of 
the four specimens, acquired after the immersion tests, are presented in Figures 5.61b – 
e. 
The pattern of corrosion within the crater on the specimen that was immersed in 35 g l
-1
 
NaCl solution (Figure 5.61b) is similar to that observed for the crater in the specimen 
supporting the concentrated coating after immersion under similar conditions (Figure 
5.32b,c). This is expected since both coatings are non-inhibited. 
The crater on the specimen that was immersed in 24 g l
-1
 NaCl solution reveals a much 
reduced extent of discolouration, with a significant proportion of the exposed substrate 
retaining a metallic lustre (Figure 5.61c). 
The trend of visibly reduced corrosion with reduced concentration of NaCl in the 
solution is continued for the specimen immersed in 14 g l
-1
 NaCl solution (Figure 
5.61d), but appears to be reversed for the specimen immersed in 3 g l
-1
 NaCl solution 
(Figure 5.61e). The proportion of exposed substrate displaying discolouration on the 
specimen that was immersed in 3 gl
-1
 NaCl solution (Figure 5.61e) appears to be similar 
to that on the specimen that was immersed in 24 gl
-1
 NaCl solution (Figure 5.61c). 
 
5.2.2.3 Characterisation: Optical Microscopy 
Figure 5.62 shows optical micrographs of the bulk EPOXY-Al30EtOH coating a) 
before immersion and b) – e) after immersion in 35 g l-1 NaCl, 24 g l-1 NaCl, 14 g l-1 
NaCl and 3 g l
-1
 NaCl respectively. The loss of bulk coating thickness is evident in these 
images as the second phase particles that were embedded in the coating/substrate 
boundary before immersion protrude more extensively after immersion. Dark shadows 
are visible on the coating surface after immersion, which were not present on the 
surface before immersion testing. The extent and intensity of the shadows decreases 
steadily with decreasing concentration of NaCl in the immersion solution. 
 
5.2.2.4 Effect of varying the concentration of sodium chloride: summary and 
conclusions 
Immersion in a high concentration of NaCl (35 g l
-1
) resulted in a thickness of corrosion 
within the 4 mm GDOES crater comparable to that observed after immersion in the 
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lowest concentration (3 gl
-1
 NaCl), while intermediate concentrations gave intermediate 
thicknesses of corrosion product.  Visual examination, however, revealed similar 
distributions of corrosion products within the craters that were immersed in the 24 g l
-1
 
and the 3 g l
-1
 solutions, while corrosion within the crater that was immersed in the 14 g 
l
-1
 solution appeared considerably more localised. 
 
5.3 Artificial cells 
In a different experimental approach, artificial cells were constructed and three series of 
experiments were run as outlined in Chapter 3, Section 3.2.2. The designated cell 
numbers and corresponding coated specimens were listed in Table 3.6. 
 
5.3.1 Cell 11a 
In artificial cell 11a, the bare alloy was fixed in close proximity to a specimen 
supporting the EPOXY-AL10EtOH coating. After the experiment described as series a 
in Chapter 3, the cell was dismantled and three GDOES craters were produced in the 
bare alloy, one in the upper one-third of the specimen area, one in the middle and one in 
the bottom one-third. 
 
5.3.1.1 Aluminium depth profiles 
The aluminium depth profiles are presented in Figure 5.63. A steeper gradient indicates 
a reduced intensity of corrosion; thus, the profiles indicate more intense corrosion in the 
top, less intense corrosion in the bottom, and the least intensity of corrosion in the 
middle one-third of the specimen. This pattern of corrosion was also noted generally 
during visual inspection of the bare alloy from the other series a artificial cells (Figure 
5.118). 
 
5.3.1.2 Oxygen depth profiles 
The half-peak-widths of the oxygen depth profiles (Figure 5.64) provide an indication 
of the thickness of corrosion products sampled, with a broader peak indicating a thicker 
layer. The oxygen profiles therefore indicate the presence of thicker layers of corrosion 
products on the top and bottom thirds of the specimen, with thinner layers in the middle. 
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5.3.1.3 Copper depth profiles 
The copper depth profiles (Figure 5.65) are more complex, with an initial sharp rise in 
intensity during the first 2 s of sputtering, followed by a more gradual rise between 2 s 
and 15 s of sputtering. With continued sputtering beyond 15 s, the intensity of the 
copper signal begins to decline, levelling off at approximately 25 s of sputtering time. 
This suggests significant variations in the distribution of copper with depth. This may 
involve variation in the distribution of copper within the alloy matrix, variation in the 
distribution of the second phase particles, or both. 
 
5.3.1.4 Chlorine depth profiles 
The chlorine signals (Figure 5.66) rise to their maximum intensity during the first 
second of sputtering. The intensity then declines, first rapidly, then more gradually to 
return to its initial baseline level after approximately 4 s of sputtering time. The half-
peak-width of these profiles gives an indication of the relative amount of chloride 
entrained in the corrosion products. Thus, the relative amount of entrained chloride 
increases as the intensity of corrosion and the thickness of the corroded layers (derived 
from the aluminium and oxygen depth profiles). 
 
5.3.2 Cells 10a – 13 a: a comparative study 
Elemental depth profiles obtained by sputtering the bare alloy from the artificial cells 
incorporating specimens supporting EPOXY-Al coatings with various proportions of 
ethanol are compared in the following discussion. In view of the above results for cell 
11a, and for consistency, all the following results refer to the middle one-third of the 
specimen area. The elemental depth profiles of the bare alloy from the reference cell 
(23a) and the control specimen (bare alloy, not corroded) are also discussed. 
 
5.3.2.1 Aluminium depth profiles 
Control specimen The aluminium depth profile obtained by sputtering the control 
specimen (grey profile, Figure 5.67) shows a sharp rise in the intensity of the aluminium 
signal, on initiation of sputtering, to reach an intensity of 60 arbitrary units after 0.7 s of 
sputtering. The intensity then increases less rapidly, to level off at a maximum intensity 
of 77 arbitrary units after approximately 2 s of sputtering. This represents the sputtering 
time needed to sample the natural oxide coating on the non-corroded bare AA2024 T3 
alloy. 
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Cell 23a The bare alloy from reference cell 23a (black profile in Figure 5.67), shows a 
significantly more gradual increase in the intensity of the aluminium signal, so that the 
maximum intensity is achieved after 10 s of sputtering. However, 90% of the increase in 
intensity occurs during the first 4 s of sputtering, the increase thereafter being at a much 
reduced rate. This profile represents corrosion of the bare alloy under the experimental 
conditions used for series a, but in the absence of a coated specimen. 
 
Cells 10a - 13a The aluminium depth profile of the bare alloy from cell 10a (purple 
profile, Figure 5.67) is comparable with that for the bare alloy from reference cell 23a, 
while the aluminium depth profiles of the bare alloy from cells 11a (orange profile) and 
12a (blue profile) show significantly more gradual increases in intensity during the first 
two seconds of sputtering. A more gradual increase in the intensity of the aluminium 
signal suggests increased surface roughness associated with corrosion. The aluminium 
depth profile for the bare alloy from cell 13a (green profile) displays a significantly 
sharper increase in intensity than that of the bare alloy from the reference cell. Thus, the 
intensity of corrosion on the surface of the bare alloy increases in the order: 
Control specimen < cell 13a (EPOXY-Al30EtOH) < reference cell 23a ≤ cell 10a 
(EPOXY-Alconc) < cell 12a (EPOXY-Al20EtOH ) < cell 11a (EPOXY-Al10EtOH), 
where the coated specimens present in the artificial cells are indicated in parentheses. 
 
5.3.2.2 Oxygen depth profiles 
In Figure 5.68 the half-peak widths of the oxygen peaks, and hence the thickness of the 
corrosion products sampled during sputtering, increase in the order: 
Control specimen < reference cell 23a < cell 13a (EPOXY-Al30EtOH) ≤ cell 12a 
(EPOXY-Al20EtOH ) < cell 10a (EPOXY-Alconc) ≤ cell 11a (EPOXY-Al10EtOH). 
There is a wide range of peak oxygen intensities among the various specimens. The 
peak oxygen intensity is a function of the concentration of oxygen in the layer sampled 
and hence indicates the intensity of corrosion. Thus, the highest peak oxygen intensity 
in Figure 5.68 corresponds to the shallowest aluminium gradient in Figure 5.67. 
The order of increasing thickness of corrosion products is confirmed by the measured 
sputtering times needed to reduce the oxygen signals to one-half of their peak value 
(equivalent to the half-peak-width), given in Table 5.2. 
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Thus, the trend in the thickness of corrosion deduced from the oxygen depth profiles 
follows the trend in the intensity of corrosion derived from the aluminium depth 
profiles. 
 
Table 5.2: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from cells 10a – 13a 
and 23a. 
 Control Cell 10a Cell 11a Cell 12a Cell 13a Cell 23a 
Sputtering 
time/s 
0.82 1.25 1.27 1.17 1.18 1.04 
 
5.3.2.3 Copper depth profiles 
Control specimen The copper depth profile obtained by sputtering the control specimen 
(grey profile, Figure 5.69) rises sharply on initiation of sputtering, to a peak intensity of 
10 arbitrary units at 0.5 s of sputtering time. The copper intensity then decreases slightly 
before rising again to a second peak of 11 arbitrary units at 1.5 s of sputtering time. The 
first peak may include a significant contribution by copper in the second phase particles 
protruding from the surface (due to preferential dissolution of the matrix during surface 
pre-treatment of the alloy), while the second peak would be associated with copper 
distributed between the matrix and the second phase particles. With continued 
sputtering after 1.5 s of sputtering time, the copper intensity gradually declines, 
reaching 8.4 arbitrary units after 10 s. 
 
Reference Cell 23a The bare alloy from cell 23a reveals a significantly more gradual 
increase in the copper intensity upon initiation of sputtering (black profile, Figure 5.69), 
reaching a first peak intensity of 9 arbitrary units after 2 s of sputtering.  With continued 
sputtering, the copper intensity declines before increasing to a second peak of 9.5 
arbitrary units after 4.5 s, after which further sputtering does not reveal a further decline 
in the intensity of the copper signal.  This profile suggests extensive re-distribution of 
copper between the matrix and second phase particles. 
 
Cells 10a - 13a The copper depth profile obtained by sputtering the bare alloy from cell 
13a (green profile, Figure 5.69) is comparable with that of the control specimen (grey 
profile), except for a moderate reduction in the signal gradient and the absence of the 
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initial peak at 2 s of sputtering time. This corresponds to the thinnest, least intensely 
corroded layer according to the oxygen and aluminium depth profiles. 
The copper depth profile of the bare alloy from cell 10a (dark blue profile) is 
comparable with that of the bare alloy from the reference cell (black profile) indicating 
the formation of a thick, intensely corroded layer with significant re-distribution of 
copper. 
The copper depth profiles of the bare alloy from cells 11a and 12a (orange and light 
blue profiles) display significantly more gradual increases in the intensity of copper 
with sputtering time compared with the bare alloy from the reference cell. This 
corresponds with the thickest, most intensely corroded layers according to the oxygen 
and aluminium profiles. 
 
5.3.2.4 Chlorine depth profiles 
The half-peak-width of the chlorine depth profiles (Figure 5.70) provide an indication of 
the thickness of corrosion products containing entrained chloride. Thus, cell 13a (green 
profile, Figure 5.70) reveals a reduced thickness of corrosion products containing 
entrained chloride compared with reference cell 23a (black profile). The other cells 
show greater thicknesses of corrosion products with entrained chloride compared with 
the reference cell. This suggests that the presence of the specimen supporting the 
EPOXY-Al30EtOH coating leads to a reduced uptake of chloride into the corrosion 
products on the bare alloy. 
 
5.3.2.5 Sodium depth profiles 
Control specimen The sodium depth profile obtained using the 4 mm source to sputter 
the control specimen (grey profile, Figure 5.71) reveals a peak intensity of 0.22 arbitrary 
units at 0.65 s of sputtering time, after which the sodium intensity falls at first rapidly, 
being reduced to one-half the peak intensity after a sputtering time of 1.5 s. The sodium 
intensity then decreases more gradually, to reach a baseline intensity of 0.02 after a total 
sputtering time of 10 s. This profile indicates the presence of sodium in the near-surface 
regions of the control specimen, with little sodium at depth. 
 
Cell 23a The sodium depth profile of the bare alloy from reference cell 23a (black 
profile, Figure 5.71) reveals a higher peak intensity of sodium (0.3 arbitrary units) at 1 s 
of sputtering time, diminishing to one-half of the peak intensity after 2.3 s of sputtering 
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time. This profile represents a significantly greater amount of sodium (as represented by 
the area under the profile) near the surface, extending to a greater thickness than in the 
control specimen. 
 
Cells 10a - 13a The sodium depth profiles obtained by sputtering the bare alloy from 
artificial cells 11a and 12a (orange and light blue profiles, Figure 5.71) indicate the 
presence of considerably less sodium near the surface than in the case of the control 
specimen. This is surprising, since these were demonstrated to contain significantly 
greater thicknesses of corrosion product containing entrained chloride compared with 
the bare alloy from the reference cell. 
The bare alloy from cells 10a and 13a (purple and green profiles, Figure 5.71) appear to 
contain significantly more sodium than the bare alloy from reference cell 23a. In the 
case of the bare alloy from cell 13a, the sodium content remains significant to a 
considerable depth (beyond 10s of sputtering time). 
Thus the relative amount of sodium entrained in the corrosion products appears to 
decrease as the relative amount of entrained chloride increases. 
 
5.3.2.6 Series a: summary and conclusions 
The presence of the specimen supporting the EPOXY-Al30EtOH coating gives a 
significant reduction in the intensity of corrosion on the bare alloy at the end of the 
series a experiment, compared with the presence of coated specimens incorporating less 
ethanol and with the reference cell. 
The thickness of the corroded layer on the bare alloy decreases with increasing 
proportion of ethanol in the coated specimen, but is always greater than in the case of 
the reference cell. 
In the presence of the coated specimens, the bare alloy supporting the thinnest layer of 
corrosion products is also the least intensely corroded. 
The presence of the specimen supporting the EPOXY-Al30EtOH coating leads to a 
reduced uptake of chloride into the corrosion products on the bare alloy. This effect may 
be due to the poor coating adhesion, which may allow the solution to contact the 
substrate on the coated specimen, such that some chloride would be taken up by the 
coated specimen in competition with the bare alloy in the artificial cell. 
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Thus the relative amount of sodium entrained in the corrosion products appears to 
decrease as the relative amount of entrained chloride increases. The entrained chloride 
therefore does not correspond to the deposition of sodium chloride from the solution. 
 
5.3.3 Series b artificial cells 
Three aluminium depth profiles obtained by sputtering the bare alloy from artificial cell 
12b are presented in Figure 5.72. The extent of corrosion, as indicated qualitatively by 
the gradient of the aluminium signal, is most intense in the top and middle one-thirds of 
the specimen surface area, with significantly less intensity of corrosion in the bottom 
one-third. 
The bare alloy from cell 13b (Figure 5.73) displays a significantly broader distribution 
of corrosion across the specimen surface area, with the least intense corrosion in the 
bottom one-third, a moderate intensity of corrosion in the top one-third, and a high 
intensity of corrosion in the middle one-third. 
The bare alloy from reference cell 23b (Figure 5.74) displays a significantly narrower 
distribution of corrosion, again with the top and bottom one-thirds more intensely 
corroded than the middle one-third of the specimen surface area. 
In the following section, a comparative discussion is presented of the elemental depth 
profiles obtained by sputtering the bare alloy from artificial cells incorporating related 
coatings. To ensure a fair comparison, the least corroded area on each specimen is 
considered. 
 
5.3.3.1 Aluminium depth profiles 
Figure 5.75 presents the aluminium depth profiles obtained by sputtering the control 
specimen and the bare alloy from artificial cells 11b – 13b and the reference cell 23b. 
The profile for cell 10b has been omitted because leakage of this cell during the 
experiment resulted in a significantly different set of conditions, such that the result is 
not comparable with cells 11b – 13b. The intensity of corrosion on the surface of the 
bare alloy increases in the order: 
Control specimen < cell 13b (EPOXY-Al30EtOH) ≈ cell 12b (EPOXY-Al20EtOH) ≤ 
bare alloy, reference cell (23b) << cell 11b (EPOXY-Al10EtOH) 
At the end of the series a experiment (Section 5.3.2.1), the bare alloy from cell 12a 
displayed a greater intensity of corrosion than the bare alloy from reference cell 23a. 
Here, after the series b experiment the bare alloy from cell 12a is less intensely corroded 
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than the bare alloy from the reference cell 23b. Thus, during 5 h of exposure (series a), 
the bare alloy corrodes more intensely in the presence of the specimen supporting the 
EPOXY-Al20EtOH coating than in the absence of a coated specimen. However, after 
200h (series b), the presence of the coated specimen appears to have limited the 
intensity of corrosion of the bare alloy, compared to that in the absence of a coated 
specimen. 
The presence of the specimen supporting the EPOXY-Al30EtOH coating, under both 
sets of experimental conditions, resulted in a reduced extent of corrosion compared to 
the relevant reference cell. These results suggest that the presence of entrained ethanol 
in the coated specimens inhibits the corrosion of the bare alloy over an extended time of 
exposure to a corrosive environment. This may be the result of competing corrosion 
underneath the coatings – the presence of ethanol has been shown to adversely affect 
coating-substrate adhesion. The absence of controlled scratches in the case of the series 
b specimen does not appear detrimental to this inhibitory effect. Note that, in series c 
cells (discussed below), coated specimens with controlled scratches were used in cells 
run for 200 h for direct comparison. 
 
5.3.3.2 Oxygen depth profiles 
The half-peak widths of the oxygen depth profiles in Figure 5.76 reveal an increase in 
the thickness of corrosion products on the surface of the bare alloy in the order: 
Control specimen < cell 12b (EPOXY-Al20EtOH) < bare alloy, reference cell (23b) ≤ 
cell 13b (EPOXY-Al30EtOH) < cell 11b (EPOXY-Al10EtOH). 
This is reflected in the sputtering times needed to reduce the oxygen signals to one-half 
of the peak intensity (Table 5.3). 
 
Table 5.3: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from cells 11b – 13b 
and 23b. 
Specimen Control Cell 11b Cell 12b Cell 13b Cell 23b 
Sputtering time/s 0.82 1.22 1.06 1.12 1.11 
 
As with series a specimens, the bare alloy from the series b cells show increasing 
intensity of corrosion with increasing thickness of the corroded layer. After exposure in 
the presence of coated specimens, the bare alloy from cell 11b supports the thickest, 
most intensely corroded layer, while the bare alloy from cell 12b supports the thinnest, 
 227 
least intensely corroded layer. Thus, increasing the proportion of ethanol in the coated 
specimen from 10% (cell 11b) to 20% (cell 12b) appears to allow a reduction in the 
thickness and intensity of corrosion on the bare alloy in the artificial cell experiment. 
Further increasing the concentration of ethanol to 30% (cell 13b) reverses this trend. 
 
5.3.3.3 Copper depth profiles 
The copper depth profile of the bare alloy from reference cell 23b (black profile, Figure 
5.77) reveals complete loss of both the first and second peaks that were present in the 
copper depth profile of the control specimen (grey profile, Figure 5.77). This suggests 
intense corrosion of the matrix such that the copper signal is contributed to by copper 
particles dispersed in the layer of corrosion products and concentrated in the second 
phase particles embedded in the corroded layer. 
The copper depth profile of the bare alloy from cell 11b (orange profile, Figure 5.77) is 
comparable with that of the bare alloy from the reference cell. The copper depth profiles 
of the bare alloy from cells 12b (light blue profile, Figure 5.77) and 13b (green profile, 
Figure 5.77) both show a residual copper peak between 1 and 2 s of sputtering time 
(equivalent to the second peak in the control specimen). This suggests a reduced 
intensity of corrosion for the alloy from cells 12b and 13b, allowing layers of distinct 
copper distribution to remain evident in the profiles. 
 
5.3.3.4 Chlorine depth profiles 
The bare alloy from cells 11b – 13b, and from the reference cell (23b), all show 
significant amounts of chloride entrained in the corrosion products. This is 
demonstrated by the presence, in the chlorine depth profiles, of chlorine peaks of 
intensity 0.05 – 0.09 arbitrary units at approximately 0.8 s of sputtering time (Figure 
5.78). This compares with peak intensities of 0.01 – 0.03 for the specimens from the 
series a cells (Figure 5.70) 
The control specimen (grey profile, Figure 5.78) maintains a baseline chlorine intensity 
of 0.003 throughout the sputtering time, with minor fluctuations. 
The amount of chloride entrained in the corrosion products (indicated by the areas under 
the chlorine depth profiles) increases in the order: 
Bare alloy, reference cell (23b) ≤ cell 13b (EPOXY-Al30EtOH) ≤ cell 12b (EPOXY-
Al20EtOH) << cell 11b (EPOXY-Al10EtOH); 
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Thus, the amount of chloride entrained in the corrosion products on the bare alloy 
generally decreases as the thickness of the corroded layer indicated by the oxygen depth 
profiles (Section 5.3.3.2) decreases, as expected.  
 
5.3.3.5 Sodium depth profiles 
The sodium depth profile of the bare alloy from reference cell 23b (black profile, Figure 
5.79b) displays a peak intensity of 0.14 arbitrary units at 1.5 s of sputtering time, 
indicating that the sodium is found at a greater depth than on the control specimen (grey 
profile). With continued sputtering, the sodium intensity decreases, to reach one-half of 
the peak value after a total sputtering time of approximately 3 s. A comparison with the 
sodium depth profile of the control specimen suggests that this may represent the 
sodium already present in the alloy composition, but now situated beneath a layer of 
corrosion products formed during the running of the reference cell. 
The sodium depth profile obtained by sputtering the bare alloy from cell 12b (light blue 
profile, Figure 5.79b) displays a significantly increased peak intensity compared to the 
specimen from the reference cell. The peak is again found at 1.5 s of sputtering time, 
hence this may indicate the presence of the initial sodium content of the alloy (now 
below the layer of corrosion products), along with sodium entrained in the corrosion 
products (derived from the sodium chloride solution during the running of the cell). 
The sodium depth profile obtained by sputtering the bare alloy from cell 13b (green 
profile, Figure 5.79a) reveals a significantly increased amount of sodium entrained in 
the corrosion products compared to the bare alloy from the other cells. Thus, as with 
series a, the amount of sodium entrained in the corrosion products decreases as the 
amount of entrained chloride increases. 
 
5.3.3.6 Series b: summary and conclusions 
The presence of entrained ethanol in the coated specimens appears to inhibit the 
corrosion of the bare alloy over an extended time of exposure to a corrosive 
environment. A moderate proportion of ethanol (20%) appears to confer the greatest 
advantage, with both higher and lower proportions allowing the development of thicker, 
more intensely corroded layers. 
The copper depth profile of the control specimen reveals distinct layers, possibly due to 
an enhanced contribution by copper in the second phase particles near the surface 
(where the matrix has been preferentially etched during surface pre-treatment). Below 
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this region, the copper signal would contain contributions from copper distributed in the 
matrix and concentrated in second phase particles. 
The copper depth profiles of the bare alloy from the artificial cells show a progressive 
smoothing out of the layered structure with increasing intensity of corrosion of the 
matrix. 
The amount of chloride entrained in the corrosion products on the bare alloy decreases 
as the thickness of the corroded layers decreases, as expected. However, the amount of 
sodium entrained in the corrosion products decreases as the amount of entrained 
chloride increases. 
 
5.3.4 Series c artificial cells 
The bare alloy from the series c cells revealed uneven corrosion, with intensely 
corroded and moderately corroded areas. In some specimens, the least intense corrosion 
occurred at the top, some in the middle and some in the bottom one-third of the 
specimen area. In the following discussion, for consistency, the least intensely corroded 
area on each specimen is considered. 
 
5.3.4.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the bare alloy from artificial cells 
10c – 13c (Figure 5.80) all reveal an increased intensity of corrosion compared to both 
the control specimen (grey profile, Figure 5.80) and the bare alloy from the reference 
cell (black profile, Figure 5.80). 
The intensity of corrosion increases in the order: 
Control specimen << bare alloy, reference cell (23c) < cell 10c (EPOXY-Alconc) < cell 
13c (EPOXY-Al30EtOH) < cell 11c (EPOXY-Al10EtOH) << cell 12c (EPOXY-
Al20EtOH). 
This is in contrast to the results for series b (Section 5.3.3), where the specimens from 
cells 12b and 13b were less intensely corroded than the bare alloy from the equivalent 
reference cell (23b). The only difference in experimental set-up between series b and c 
is the presence of controlled scratches on the coated specimens in series c. It might be 
argued that the presence of entrained ethanol in the coating reduces the adhesion of the 
coating to the substrate, allowing corrosion of the substrate under the coating to 
compete with corrosion of the bare alloy in the series b artificial cell. Thus, the presence 
of controlled scratches on the coating may facilitate release of the entrained ethanol, 
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thereby reducing the detrimental effect of ethanol on the coating. This, in turn, reduces 
or eliminates the competing effect of corrosion under the coating, thereby allowing 
more intense corrosion of the bare alloy in the series c artificial cell. 
 
5.3.4.2 Oxygen depth profiles 
The measured sputtering times required to reduce the oxygen signals to one-half of the 
peak intensity is indicated in Table 5.4. 
 
Table 5.4: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from cells 10c – 13c 
and 23c. 
 Control Cell 10c Cell 11c Cell 12c Cell 13c Cell 23c 
Sputtering 
time/s 
0.82 1.25 1.34 1.67 1.20 1.11 
 
The thickness of the corroded layer on the bare alloy, as indicated by the half-peak-
widths of the oxygen depth profiles (Figure 5.81), increases in the order: 
Control specimen < bare alloy, reference cell (23c) < cell 13c (EPOXY-Al30EtOH) < 
cell 10c (EPOXY-Alconc) < cell 11c (EPOXY-Al10EtOH) < cell 12c (EPOXY-
Al20EtOH). 
Thus, the trend of increasing thickness of corrosion products on the bare alloy exposed 
in the presence of the coated specimens matches the trend in increasing intensity of 
corrosion, as deduced by examination of the aluminium depth profiles. 
 
5.3.4.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 10c, 11c and 
13c are comparable with that of the specimen from the reference cell 23c (Figure 5.82). 
The copper depth profile obtained by sputtering the bare alloy from cell 12c (light blue 
profile, Figure 5.82) appears to indicate a significant depletion of copper in the corroded 
layer. This specimen supports the thickest, most intensely corroded layer according to 
the oxygen and aluminium depth profiles. 
 
5.3.4.4 Chlorine depth profiles 
The amount of chlorine entrained in the corrosion products, as indicated by the half-
peak-widths of the chlorine depth profiles (Figure 5.83), increases in the order: 
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Control specimen << bare alloy, reference cell (23c) << cell 10c (EPOXY-Alconc) < 
cell 13c (EPOXY-Al30EtOH) < cell 11c (EPOXY-Al10EtOH) < cell 12c (EPOXY-
Al20EtOH). 
Thus, the increased thickness and intensity of corrosion observed in the presence of 
EPOXY-Al20EtOH correlates with an increased amount of entrained chloride in the 
corrosion products. 
 
5.3.4.5 Sodium depth profiles 
In Figure 5.84, the bare alloy from cells 12b and 13b reveal similar amounts of sodium 
to the control specimen, but the sodium appears to be concentrated at an increased depth  
in the specimens from the artificial cells (possibly underneath the layer of corrosion 
products). 
A significant increase in the amount of sodium, and the thickness of the layer in which 
the sodium is distributed, is observed in the presence of EPOXY-Al10EtOH (cell 11c – 
green profile, Figure 5.84). Thus, the greatest amount of sodium in the bare alloy does 
not correspond to the thickest corrosion layer, which was observed in the presence of 
EPOXY-Al20EtOH (cell 12c). 
 
5.3.4.6 Series c: summary and conclusions 
In the presence of controlled scratches on the coated specimens, corrosion of the bare 
alloy is not significantly inhibited during the series c experiment. The thickness and 
intensity of corrosion on the bare alloy exposed in the presence of each of the coated 
specimens was greater than in the absence of a coated specimen. 
This is in contrast to the series b experiment, where the presence of non-scratched 
coated specimens with 10 and 20% ethanol resulted in a reduction in the thickness and 
intensity of corrosion of the bare alloy, compared with the reference cell. In view of the 
coating delamination observed in the FEG-SEM images (Section 5.2.1.4), the series b 
results might be explained by corrosion proceeding underneath the coating, which 
would compete with corrosion of the exposed bare alloy. However, this competition 
would be expected to be more, rather than less, significant in the presence of controlled 
scratches on the coated specimen. It should also be born in mind that, in the discussion 
of both series b and c, there significant variation in corrosion across the surface area of 
each specimen (noted by visual examination, Section 5.7.1). The decision was made to 
compare the least corroded area on each specimen. Thus, the apparent reduction in the 
 232 
thickness and intensity of corrosion in the presence of 10 and 20% ethanol (series b) 
may be due to proportionately enhanced corrosion elsewhere on each specimen. The 
variations in thickness and intensity of corrosion across the surface area of the series c 
specimens may have been less extreme than in the case of the series b specimens. 
Combining the above ideas, the absence of controlled scratches may lead to localised 
corrosion underneath the coated specimens competing with corrosion of the exposed 
bare alloy, leading in turn to marked variations in thickness and intensity of corrosion 
across the specimen surface area. The presence of controlled scratches may allow 
corrosion to occur more uniformly, both underneath the coating and on the exposed bare 
alloy. 
These factors need to be born in mind when comparing and contrasting the results of 
series b and c experiments involving inhibited coatings. That is to say, the effects of 
variations in the uniformity of corrosion across the specimen surface area must not be 
confused with the effects of the corrosion inhibitors. 
 
5.4 Non-inhibited EPOXY-Al with various proportions of AluOx 
5.4.1 Series a artificial cells 
5.4.1.1 Aluminium depth profiles 
The aluminium signals obtained when sputtering the bare alloy from cells 20a – 22a 
reveal a significantly shallower gradient than that obtained when sputtering the control 
specimen (Figure 5.85). This indicates surface roughening due to the presence of 
corrosion products on the surface of the bare alloy from the artificial cells. 
The bare alloy from cells 20a and 21a display a reduced intensity of corrosion (steeper 
gradient) than the bare alloy from the reference cell, while the bare alloy from cell 22a 
reveals a similar intensity of corrosion to the bare alloy from the reference cell. 
Thus, the intensity of corrosion of the bare alloy increases in the order: 
Control specimen < cell 20a, (EPOXY-Al10AluOx) = cell 21a, (EPOXY-Al20AluOx) < 
bare alloy, reference cell (23a) = cell 22a, (EPOXY-Al30AluOx). 
Thus, the presence of 10 – 20 % AluOx in the coated specimen appears to reduce the 
intensity of corrosion of the bare alloy during the series a experiment. No reduction in 
the intensity of corrosion is detected in the presence of 30% AluOx. 
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5.4.1.2 Oxygen depth profiles 
The oxygen depth profiles obtained when sputtering the bare alloy from cells 20a − 22a 
are presented in Figure 5.86. The thickness of corrosion products (as indicated by the 
half-peak-widths of the oxygen depth profiles) increases in the order: 
Control specimen ≤ cell 22a, (EPOXY-Al 30AluOx) ≤ cell 21a, (EPOXY-Al20AluOx) 
= bare alloy, reference cell (23a) < cell 20a, (EPOXY-Al10AluOx). 
This trend is not visually obvious from the profiles in Figure 5.86 because of a variation 
in peak oxygen intensity between specimens, but is confirmed by careful measurement 
of the half-peak-widths, as presented in Table 5.5. 
 
Table 5.5: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from cells 20a – 23a. 
 Control Cell 20a Cell 21a Cell 22a Cell 23a 
Sputtering 
time/ s 
0.82 1.08 1.04 1.01 1.04 
 
Thus, in the presence of EPOXY-Al10AluOx (cell 20a), a moderately thicker, less 
intensely corroded layer is formed on the bare alloy, compared to the reference cell. 
In the presence of EPOXY-Al20AluOx (cell 21a), the thickness of corrosion was 
comparable to the bare alloy from the reference cell, with little or no further reduction 
in intensity of corrosion (as indicated by the aluminium depth profile). 
In the presence of EPOXY-Al30AluOx (cell 22a), there is a moderate reduction in the 
thickness of the corroded layer on the bare alloy, but the intensity of corrosion has 
increased to match that of the bare alloy from the reference cell. 
Thus, the thickness of the corroded layer on the bare alloy increases with increasing 
concentration of AluOx in the coated specimen. However, the presence of 10 and 20% 
AluOx leads to a significant reduction in the intensity of corrosion. This is not observed 
in the presence of 30% AluOx. 
 
5.4.1.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 20a and 21a 
are broadly similar, resembling that of the control specimen, but lacking the initial peak 
due to a near-surface concentration of second phase particles (Figure 5.87). 
The copper depth profile obtained by sputtering the bare alloy from cell 22a more 
closely resembles that of the bare alloy from the reference cell. This observation 
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correlates with the formation of a thick layer of intensely corroded matrix in the 
presence of 30% AluOx. 
 
5.4.1.4 Chlorine depth profiles 
The thickness of corrosion products containing entrained chloride, as indicated by the 
half-peak widths of the chlorine depth profiles (Figure 5.88), increases in the order: 
Control specimen << cell 21a, (EPOXY-Al20AluOx) ≤ cell 20a, (EPOXY-Al10AluOx) 
< cell 22a, (EPOXY-Al30AluOx) < bare alloy, reference cell (23a). 
This indicates the presence of a significant amount of entrained chloride on the bare 
alloy in the presence of 30% AluOx, which correlates with the greater intensity of 
corrosion compared with the bare alloy in the presence of 10% – 20% AluOx. 
Nevertheless, the bare alloys from cells 20a – 22a all reveal reduced amounts of 
chloride entrained in the corrosion products compared to the bare alloy from the 
reference cell. This may suggest that chloride ion is absorbed by the empty AluOx 
containers, thus protecting the bare alloy by reducing the concentration of chloride ion 
in the solution. 
 
5.4.1.5 Sodium depth profiles 
The sodium depth profiles for the bare alloy from the artificial cells in which the coated 
specimens supported non-inhibited EPOXY-Al in the presence of various proportions of 
AluOx are presented in Figure 5.89. 
The relative amount of sodium sampled when sputtering the bare alloy from the 
reference cell (indicated by the area under the profile between initiation of sputtering 
and the return of the signal to one-half of its peak intensity) is significantly greater than 
that sampled when sputtering the control specimen. This indicates entrainment of 
sodium from the solution into the corrosion products in the absence of a coated 
specimen. 
The sodium depth profile obtained when sputtering the bare alloy from cell 20a 
indicates a reduction in the amount of sodium entrained in the corrosion products. A 
significant reduction in the amount of sodium is indicated for the bare alloy from cells 
21a and 22a. Thus, there is a trend of decreasing amount of sodium on the bare alloy 
with increasing proportion of AluOx in the coated specimens. 
Further, in the presence of high proportions of AluOx, the relative amount of sodium on 
the bare alloy is less than that on the control specimen, suggesting diffusion of sodium 
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species from the bare alloy into the solution during the artificial cell experiment. Thus, 
if the empty AluOx containers are absorbing chloride ion from the solution, they must 
also be absorbing sodium ion. Otherwise, the concentration of sodium ion in the 
solution would increase, which would disfavour the suggested diffusion of sodium 
species into the solution from the bare alloy. 
 
5.4.1.6 Series a: summary and conclusions 
The presence of 10 – 20 % AluOx in the coated specimen appears to reduce the 
intensity of corrosion of the bare alloy during the series a experiment. No reduction in 
the intensity of corrosion is detected in the presence of 30% AluOx, although a 
reduction in the thickness of the layer of corrosion products was indicated. 
Significant amounts of sodium and chloride are sampled when sputtering the corroded 
surface of the bare alloy from the reference cell. Reduced amounts of sodium and 
chloride on the bare alloy from cells 20a – 22a may be due to absorption of these 
species by the empty AluOx containers in the coated specimens. 
 
5.4.2 Series b artificial cells 
5.4.2.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the control specimen and the bare 
alloy from cells 20b – 23b are presented in Figure 5.90. The intensity of corrosion 
increases in the order: 
Control specimen < cell 20b, (EPOXY-Al10AluOx) ≤ bare alloy, reference cell (23b) = 
cell 21b, (EPOXY-Al20AluOx) << cell 22b, (EPOXY-Al30AluOx). 
After the series a experiment (5 h of exposure), the presence of each of the AluOx 
specimens resulted in a reduction in the intensity of corrosion on the bare alloy 
compared with the reference cell (Section 5.4.1). After the series b experiment (200 h of 
exposure), this reduction in intensity is no longer significant. In the presence of the 
coating with 30% AluOx, the intensity of corrosion on the bare alloy after the series b 
experiment is significantly greater than that of the reference cell. 
In the discussion of series a, it was suggested that the presence of the empty AluOx 
containers permitted uptake of chloride ion by the coating, thus reducing the intensity of 
corrosion of the bare alloy. The presence of the controlled scratches on the coated 
specimens for series a may have facilitated this process and/or the process is limited in 
time by the chloride capacity of the AluOx containers. (Cells in which coated specimens 
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supported controlled scratches and the cells were run for 200 h (series c) are discussed 
in Section 5.4.3.) Note also that a visual inspection of the specimen supporting the 
EPOXY-AL30AluOx coating (before running the cell) revealed a texture which 
strongly suggested that the AluOx particles were unevenly dispersed within the coating 
matrix, such that localised groups and clusters of AluOx particles were present. This 
texture was not visible on the coatings with 10% and 20% AluOx, which suggests that 
the AluOx particles were evenly distributed throughout the coating matrix. The 
formation of localised clusters of AluOx particles may reduce their chloride-uptake 
capacity. 
 
5.4.2.2 Oxygen depth profiles 
The thickness of corrosion products formed on the bare alloy during running of the 
series b cells, as indicated by the half-peak-widths of the oxygen depth profiles in 
Figure 5.91, increases in the order: 
Control specimen < cell 23b, (reference) = cell 21b, (EPOXY-Al20AluOx) < cell 20b, 
(EPOXY-Al10AluOx) << cell 22b, (EPOXY-Al30AluOx). 
Although the oxygen depth profile obtained by sputtering the bare alloy from cell 20b 
has a lower peak intensity than those of the other cells, there is a shoulder between 1 
and 2 s of sputtering time, which leads to a larger measured sputtering time to reduce 
the oxygen signal to one-half of its peak intensity (equivalent to the half-peak-width), as 
presented in Table 5.6. 
 
Table 5.6: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from cells 20b – 23b. 
 Control Cell 20b Cell 21b Cell 22b Cell 23b 
Sputtering 
time/ s 
0.82 1.16 1.12 2.42 1.11 
 
Thus, in the presence of 10% AluOx, the thickness and intensity of corrosion of the bare 
alloy is comparable with that of the bare alloy from the reference cell. The presence of 
20% AluOx leads to a reduction in the thickness of the corroded layer, but with no 
measurable reduction in the intensity of corrosion (as derived from the aluminium depth 
profile. The presence of 30% AluOx leads to a significant increase in both the thickness 
and intensity of corrosion during the 200 h of exposure. 
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5.4.2.3 Copper depth profiles 
The copper signal obtained by sputtering the bare alloy from cell 20b (green profile, 
Figure 5.92) is comparable with that obtained when sputtering the specimen from the 
reference cell (black profile), but with some remnant of the structure observed when 
sputtering the control specimen (grey profile). 
The copper signal obtained by sputtering the bare alloy from cell 21b (orange profile) is 
also comparable with that of the specimen from the reference cell, but with no remnant 
of the above-mentioned structure. 
The copper depth profile of the specimen from cell 22b (blue profile, Figure 5.92a) 
suggests a significant depletion of copper in the corroded layer. This indicates intense 
corrosion of the aluminium-rich matrix along with significant redistribution of copper. 
 
5.4.2.4 Chlorine depth profiles 
The amount of chloride entrained in the corrosion products on the bare alloy, as 
indicated by the half-peak widths of the chlorine depth profiles (Figure 5.93), increases 
in the order: 
Control specimen << cell 20b, (EPOXY-Al10AluOx) < bare alloy, reference cell (23b) 
≤ cell 21b (EPOXY-Al20AluOx) << cell 22b, (EPOXY-Al30AluOx). 
This matches the trend of increasing intensity of corrosion on the bare alloy 
 
5.4.2.5 Sodium depth profiles 
The sodium depth profiles obtained by sputtering the bare AA2024 T3 alloy may be 
interpreted in terms of a change in location of the trace amount of sodium in the non-
corroded alloy (grey profile, Figure 5.94b) from the natural oxide layer to the thicker 
layer of corrosion products on the bare alloy from cells 20b (green profile), 21b (orange 
profile) and 23b (black profile). 
The sodium depth profile obtained by sputtering the bare alloy from cell 22b (blue 
profile, Figure 5.94a) reveals a significantly increased amount of sodium in the 
corrosion products, which can only be explained in terms of a significant uptake of 
sodium from the sodium chloride solution during the running of the artificial cell. This 
matches the significant uptake of chloride indicated by the chlorine depth profile. 
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5.4.2.6 Series b: summary and conclusions 
A significant reduction in intensity of corrosion on the bare alloy in the presence of 
AluOx (compared to the reference cell) is not observed at the end of the series b 
experiment, in contrast to series a. A trend of increasing intensity of corrosion of the 
bare alloy with increasing proportion of AluOx in the coated specimen is indicated 
(over and above the intensity of corrosion of the bare alloy from the reference cell). This 
trend is matched by increased amounts of sodium and chloride sampled when sputtering 
the corroded layers. 
Thus, the absorption of chloride from the solution by the empty AluOx containers 
appears to be limited in time. This may represent a physical limit to the amount of 
chloride the nanocontainers can take up. Alternatively, the absence of controlled 
scratches on the coated specimens for series b may have inhibited chloride uptake by 
the coatings. 
 
5.4.3 Series c artificial cells 
5.4.3.1 Aluminium depth profiles 
The intensity of corrosion on the bare alloy from cells 20c – 22c, as indicated by the 
gradient of the aluminium depth profiles, (Figure 5.95), increases in the order: 
Control specimen < bare alloy, reference cell (23c) < cell 22c, (EPOXY-Al30AluOx) ≤ 
cell 20c, (EPOXY-Al10AluOx) << cell 21c, (EPOXY-Al20AluOx). 
Thus, the presence of the coated specimens with various concentrations of AluOx 
afforded no protection to the bare alloy during the 200 h of the series c experiment. 
In series a (5 h of exposure in the presence of controlled scratches), the coated specimen 
with 10% AluOx was found to moderately reduce the intensity of corrosion of the bare 
alloy, relative to the equivalent reference cell (Figure 5.85). It was suggested that the 
reduction in intensity of corrosion was due to possible absorption of chloride from the 
solution by the AluOx nanocontainers. The results for series b and c indicate that this 
advantage is lost after an extended period of exposure to 35 g l
-1
 NaCl solution, both in 
the presence and absence of controlled scratches, possibly because the chloride uptake 
capacity of the AluOx nanocontainers has been reached during the time of exposure. 
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5.4.3.2 Oxygen depth profiles 
The thickness of corrosion products on the bare alloy from cells 20c – 22 c (Figure 5.96, 
Table 5.7) is greater than or equal to that on the bare alloy from reference cell 23c and is 
found to increase in the order:  
Control specimen < bare alloy, reference cell (23c) < cell 22c, (EPOXY-Al30AluOx) < 
cell 20c, (EPOXY-Al10AluOx) < cell 21c, (EPOXY-Al20AluOx). 
This matches the trend of increasing intensity of corrosion indicated by the aluminium 
depth profiles. 
 
Table 5.7: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from cells 20c – 23c. 
 Control Cell 20c Cell 21c Cell 22c Cell 23c 
Sputtering 
time/ s 
0.82 1.40 1.55 1.20 1.11 
 
5.4.3.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 20c – 22 c 
(Figure 5.97) suggest a significant redistribution of copper within the layer of corrosion 
products on the bare alloy exposed in the presence of various proportions of AluOx in 
the coated specimens. 
 
5.4.3.4 Chlorine depth profiles 
The amount of entrained chloride in the corrosion products, as indicated by the half-
peak-widths of the chlorine profiles (Figure 5.98), increases in the order: 
Control specimen << bare alloy, reference cell < cell 20c, (EPOXY-Al10AluOx) ≤ cell 
22c, (EPOXY-Al30AluOx) << cell 21c, (EPOXY-Al20AluOx). 
Thus, the trend of increasing amount of chloride entrained in the corrosion products 
broadly matches the observed trend of increasing intensity of corrosion of the bare 
alloy. 
 
5.4.3.5 Sodium depth profiles 
The sodium depth profiles in Figure 5.99 reveal a trace amount of sodium associated 
with the natural oxide layer in the control specimen (grey profile), while sodium is 
located at a moderately increased depth in the bare alloy from the artificial cells, where 
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it is probably associated with the corrosion products. The amount of sodium entrained 
in the corrosion products (area under the profiles) increases in the order: 
Control specimen < bare alloy, reference cell (23c) < cell 20c, (EPOXY-Al10AluOx) 
<< cell 22c, (EPOXY-Al30AluOx) ≤ cell 21c, (EPOXY-Al20AluOx). 
This matches the trend in increasing amount of chloride entrained in the corrosion 
products. 
 
5.4.3.6 Series c: summary and conclusions 
No reduction in intensity of corrosion on the bare alloy in the presence of AluOx 
(compared to the reference cell) was observed at the end of the series c experiment. This 
suggests that absorption of chloride by the AluOx containers (suggested by the series a 
observations) is limited in time (due to a physical limitation in the amount of chloride 
that the AluOx containers can take up). Further experiments, involving running artificial 
cells for various exposure times, would be required to discover the time at which the 
chloride-uptake capacity of the AluOx containers is reached. 
The difference in the intensity of corrosion of the bare alloy during the series b and c 
experiments (i.e. long exposure time in the absence or presence of controlled scratches) 
may be due to the same considerations discussed in Section 5.3.4.6, i.e. more uniform 
corrosion across the surface area of the bare alloy when the coated specimen supports 
controlled scratches. 
 
5.5 Coated specimens from the artificial cells 
5.5.1 Non-inhibited EPOXY-Al coatings with various proportions of ethanol 
In this section, elemental depth profiles obtained by sputtering the coated specimens 
from artificial cells 10b – 13b are compared with profiles obtained by sputtering the 
relevant reference specimens. The coating thicknesses for each specimen, measured at 
INM using a Fischerscope probe ETA 3.3 are given in Table 5.8. 
 
Table 5.8: Measured coating thicknesses for reference specimens and the specimens to 
be used in series b artificial cells. 
Coating formulation 
Coating thickness (µm) 
Artificial cell Reference specimen 
EPOXY-Al-conc 14.34 ± 2.88 13.65 ± 2.30 
EPOXY-Al-10EtOH 12.61 ± 2.15 13.63 ± 2.11 
EPOXY-Al-30EtOH 8.81 ± 2.57 8.81 ± 2.57 
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5.5.1.1 Aluminium depth profiles 
The aluminium depth profile obtained by sputtering the coated specimen from cell 10b 
(orange profile, Figure 5.100) is displaced to the left, along the time-axis, by 
approximately 60 s compared with the corresponding reference specimen (brown 
profile, Figure 5.100). Thus, layers of the coating and the coating/substrate interface are 
sampled after a reduced sputtering time for the specimen from the artificial cell, 
compared with the reference specimen. This observation cannot be accounted for by the 
difference in coating thickness for the specimens used (Table 5.8) and therefore 
suggests a significant bulk loss of the concentrated EPOXY-Al coating material during 
the 200 h of exposure to 35 g l
-1
 NaCl solution in the artificial cell. 
The aluminium depth profile obtained by sputtering the coated specimen from cell 11b 
(light green profile, Figure 5.100) is displaced to the left, along the time-axis, by 
approximately 15 s. This suggests a small but not insignificant loss of bulk material 
from the EPOXY-Al10EtOH coating during the artificial cell experiment. 
The aluminium depth profile obtained by sputtering the coated specimen from cell 13b 
(light blue profile, Figure 5.100) is displaced to the left, along the time-axis, by 
approximately 10 s compared with the corresponding reference specimen. Note that 
cuttings from the same specimen were used in this case, so the observed difference in 
thickness must be entirely due to bulk material loss during the artificial cell experiment. 
 
5.5.1.2 Oxygen depth profiles 
A reduction in the thickness of the concentrated EPOXY-Al coating after the artificial 
cell experiment is suggested by a reduction in the half-peak width of the oxygen signal 
(orange profile, Figure 5.101) compared with the relevant reference specimen (brown 
profile, Figure 5.101). A lesser reduction in coating thickness for EPOXY-Al-10EtOH 
is indicated by the data in Table 5.9. A moderate increase in coating thickness is 
indicated in the presence of 30% ethanol. 
 
Table 5.9: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the reference specimens and the coated specimens from cells 10b – 13b. 
 
Ref (0% 
EtOH) 
Cell 10b 
Ref (10% 
EtOH) 
Cell 11b 
Ref (30% 
EtOH) 
Cell 13b 
Sputtering 
time/ s 
354 289 352 235 194 212 
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5.5.1.3 Chlorine depth profiles 
By inspection of Figure 5.102, the chlorine content of the coated specimens from 
artificial cells 10b – 13b is found to be equal to, or a little less than, that of the 
equivalent reference specimen. 
 
5.5.1.4 Sodium depth profiles 
The sodium depth profiles presented in Figure 5.103 suggest a moderate decrease in the 
amount of sodium in the coated specimen from cell 10b (EPOXY-Al concentrated, 
orange profile) compared with the equivalent reference specimen (brown profile), while 
little change in the amount of sodium is observed on the specimen from cell 11b 
(EPOXY-Al10EtOH, light green profile), compared with the reference specimen (dark 
green profile). The sodium depth profile obtained by sputtering the coated specimen 
from cell 13b (EPOXY-Al30EtOH, light blue profile) suggests an increase in the 
amount of sodium compared with the appropriate reference specimen (dark blue 
profile). This suggests that, in the absence of ethanol, sodium has a tendency to diffuse 
from the coating into solution, whereas increasing proportions of ethanol favour the 
absorption of sodium from solution by the coating. 
 
5.5.1.5 Non-inhibited EPOXY-Al coatings with various proportions of 
ethanol: conclusions 
Examination of the elemental depth profiles obtained by sputtering the coated 
specimens from cells 10b – 13b indicates a significant bulk loss of material from the 
concentrated EPOXY-Al coating, with a considerably reduced loss for the coatings 
formulated with 20 – 30 % ethanol. This is a surprising result, as it was anticipated that 
an increasing proportion of ethanol in the coating formulation would lead to an 
increasing loss of coating/substrate adhesion, and hence to a greater loss of material 
during exposure to a corrosive environment. 
The chlorine depth profiles provide no evidence for absorption of chloride ion by the 
non-inhibited EPOXY-Al coatings in the presence of various proportions of ethanol. 
The sodium depth profiles indicate that, in the absence of ethanol, sodium has a 
tendency to diffuse from the coating into solution, whereas increasing proportions of 
ethanol favour the absorption of sodium from solution by the coated specimen. 
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5.5.2 Non-inhibited EPOXY-Al coatings, various proportions of AluOx 
In this section, elemental depth profiles obtained by sputtering the coated specimens 
from artificial cells 20b – 22b are compared with profiles obtained by sputtering the 
relevant reference specimens. 
 
5.5.2.1 Aluminium depth profiles 
For the reference specimens, a significant increase in coating thickness with increasing 
proportion of AluOx is indicated by progressively longer sputtering times to reach the 
coating/substrate interface (brown, dark green and dark blue profiles, Figure 5.104). 
The aluminium depth profile obtained by sputtering the coated specimen from cell 20b 
(orange profile, Figure 5.104) is displaced to the left along the time axis by 40 s relative 
to the reference specimen (brown profile), suggesting a minor loss of bulk coating 
material during the artificial cell experiment. 
The elemental depth profile obtained by sputtering the coated specimen from cell 21b 
indicates no measurable loss in coating thickness compared to the relevant reference 
specimen (compare the light and dark green profiles, Figure 5.104). 
The coated specimen from cell 22b displays a significant change in the gradient of the 
aluminium depth profile (light blue profile, Figure 5.104) compared with the relevant 
reference specimen (dark blue profile, Figure 5.104). This suggests an increased surface 
roughening of the EPOXY-Al30AluOx coating during the artificial cell experiment, 
which may indicate coating degradation, possibly related to the tendency for the AluOx 
nanocontainers to form localised aggregates (Section 5.4.2). 
 
5.5.2.2 Oxygen depth profiles 
The oxygen depth profiles of the coated specimens from cells 20b – 22b (Figure 5.105) 
indicate an increase in the peak intensity of the oxygen signal compared with the 
relevant reference specimen. 
In the case of cell 20b (10% AluOx), the data in Table 5.10 indicate that this is 
accompanied by a reduction in the half-peak-width of the oxygen signal, such that only 
a minor increase in the relative amount of oxygen in the coating can be inferred. This is 
reflected in a minor increase in the ratio of oxygen to silicon compared to the reference 
specimen (Table 5.10). 
Little or no change in half-peak-width of the oxygen signal is indicated for the specimen 
from cell 21b (20% AluOx), such that the increase in peak intensity suggests a more 
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significant uptake of oxygen by the coated specimen in the artificial cell. This is 
reflected in a small, but not insignificant increase in the ratio of oxygen to silicon (Table 
5.10). 
A significant increase in the half-peak-width of the oxygen signal is indicated for cell 
22b (30% AluOx), suggesting a large increase in the amount of oxygen absorbed during 
the artificial cell experiment. This is reflected in a large increase in the ratio of oxygen 
to silicon (Table 5.10). 
 
Table 5.10: Sputtering times required to reduce the oxygen signal to one-half of the 
peak intensity for the reference specimens and the coated specimens from cells 20b – 
22b. 
 
Ref (10% 
AluOx) 
Cell 20b 
Ref (20% 
AluOx) 
Cell 21b 
Ref (30% 
AluOx) 
Cell 22b 
Sputtering 
time/ s 
351 312 519 521 194 1183 
O/Si 0.37 0.41 0.42 0.49 0.34 0.65 
 
5.5.2.3 Chlorine depth profiles 
The chlorine depth profiles obtained by sputtering the coated specimens from artificial 
cells 20b and 21b are presented in Figure 5.106a, while Figure 5.106b presents the 
profiles for the specimen from cell 22b and the relevant reference specimen (EPOXY-
AL30AluOx). Note the different horizontal scales, reflecting the significant thickness of 
the EPOXY-Al30AluOx coating. 
All three coated specimens reveal a significant increase in the amount of chlorine 
sampled during GDOES sputtering, compared with the corresponding reference 
specimens. The greatest difference, especially during the first 100 – 200 s of sputtering, 
is observed for the specimen from cell 22b (EPOXY-Al30AluOx). 
 
5.5.2.4 Sodium depth profiles 
The sodium depth profiles obtained by sputtering the coated specimens from artificial 
cells 20b and 21b are presented in Figure 5.107a, while the profiles for the specimen 
from cell 22b and the reference specimen (EPOXY-Al30AluOx) are presented in Figure 
5.121b. It is evident that all three coated specimens absorb sodium ion from the solution 
during the artificial cell experiment, with the specimen from cell 22b having the highest 
absorption capacity. 
 
 245 
5.5.2.5 Non-inhibited EPOXY-Al coatings with various proportions of AluOx: 
conclusions 
Examination of the elemental depth profiles obtained by sputtering the reference 
specimens supporting non-inhibited EPOXY-Al coatings with various proportions of 
AluOx indicates a significant increase in coating thickness with increasing proportion of 
AluOx. 
Examination of the elemental depth profiles obtained by sputtering the coated 
specimens from the artificial cells indicates a minor bulk loss of coating material from 
the specimen incorporating 10% AluOx, but no measurable loss for the coating with 
20% AluOx. 
The coating with the highest proportion of AluOx (30%) appears to have an altered 
morphology after the artificial cell experiment. This may be related to the observed 
tendency of the AluOx particles in this coating to form localised aggregates. 
The oxygen depth profiles indicate an increase in the amount of oxygen in the coated 
specimens from the artificial cells, compared with the reference specimens. There is a 
clear trend of increasing oxygen uptake with increasing proportion of AluOx in the 
coating. 
The chlorine depth profiles reveal a significant increase in the amount of chlorine in the 
coated specimens from the artificial cells, compared with the reference specimens. This 
provides strong evidence for the suggested absorption of chloride ion from the solution 
by the AluOx nanocontainers, which is observed to reduce intensity of corrosion of, and 
the amount of chloride sampled when sputtering, the bare AA2024 T3 alloy from the 
same artificial cells. 
The sodium depth profiles indicate that all three coated specimens absorb sodium ion 
from the solution during the artificial cell experiment. 
Adsorption of both sodium and chloride ion is greatest for the coated specimen with 
30% AluOx. 
 
5.6 Other sol-gel coatings on AA2024 T3 
5.6.1 Series a artificial cells 
The elemental depth profiles obtained by sputtering the bare alloy from artificial cells 
35a, 37a 38a and 51a are discussed in this section. The coated specimens used in these 
cells are listed in Table 3.8 of Chapter 3. The artificial cells were run on a different 
occasion from the cells incorporating the EPOXY-Al coated specimens, so another 
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reference cell with bare alloy on both sides (cell 54) was run at the same time to ensure 
identical conditions. 
 
5.6.1.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the bare alloy from artificial cells 
35a, 37a and 38a are all comparable with that of the bare alloy from reference cell 54a 
(Figure 5.108). 
The aluminium depth profile of the bare alloy from cell 51a (purple profile, Figure 
5.108) suggests a significantly greater intensity of corrosion in the presence of the non-
inhibited TMEG coating, compared with the bare alloy from the reference cell. 
The intensity of corrosion of the bare alloy in the presence of the specimens supporting 
non-inhibited coatings increases in the order: 
Control specimen < cell 37a = cell 54a ≤ cell 38a ≤ cell 35a << cell 51a. 
 
5.6.1.2 Oxygen depth profiles 
The half-peak widths of the oxygen depth profiles in Figure 5.109 are closely similar to 
each other and to that of the bare alloy from the reference cell, indicating similar 
thicknesses of corrosion products. The measured sputtering times required to reduce the 
oxygen signal to one-half the peak value presented in Table 5.11 reveals a moderate 
increase in the thickness of corrosion products in the order: 
Control specimen < cell 51a ≈ cell 38a < cell 35a = cell37a < cell 54a. 
 
Table 5.11: Sputtering times required to reduce the oxygen signal to one-half of the 
peak intensity for the control specimen and the bare alloy from cells 35a, 37a, 38a, 51a 
and 54a. 
 Control Cell 35a Cell 37a Cell 38a Cell 51a Cell 54a 
Sputtering 
time/ s 
0.82 1.15 1.15 1.06 1.05 1.24 
 
5.6.1.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 35a, 37a 38a 
and 51a (Figure 5.110) indicate loss of the initial peak that was observed in the case of 
the control specimen (grey profile). The initial peak is interpreted as resulting from 
large contribution by copper in the second phase particles forming protrusions at the 
bare alloy surface due to preferential dissolution of the aluminium-rich matrix during 
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surface pre-treatment. Loss of this peak would suggest the formation of a layer of 
corrosion products surrounding the near-surface second phase particles, so that the 
copper signal consists of different contributions by copper in the second phase particles 
and in the corroded matrix. 
The copper depth profiles obtained by sputtering the bare alloy from cells 35a, 37a and 
51a (Figure 5.110) also reveal a loss of the second peak that was observed in the copper 
depth profile of the control specimen, possibly reflecting corrosion of the alloy matrix 
to an extended depth along with a significant re-distribution of the copper in the matrix. 
This is particularly significant for the bare alloy from cell 51a (purple profile, Figure 
5.110). 
Loss of the second copper peak is not observed in the case of the bare alloy from cell 
38a (light green profile, Figure 5.110), suggesting that the presence of the Zr precursor 
in the coated specimen limits the extent of redistribution of copper in the matrix during 
corrosion. 
 
5.6.1.4 Chlorine depth profiles 
The chlorine depth profiles obtained by sputtering the bare alloy from cells 35a, 37a and 
38a are closely similar to each other and reveal a significantly lower intensity of 
chlorine than the bare alloy from the reference cell (black profile, Figure 5.111). This 
suggests that the presence of the coated specimens limits the extent to which chloride 
becomes entrained in the corrosion products on the bare alloy during the running of the 
artificial cells. Nevertheless, there is a measureable amount of chloride present 
compared with that sampled when sputtering the control specimen (grey profile, Figure 
5.111). 
 
5.6.1.5 Sodium depth profiles 
There is a significant increase in the amount of sodium detected in the near-surface of 
the bare alloy from cells 35a, 37a and 38a, compared to the bare alloy from the 
reference cell (Figure 5.112). Thus, while limiting the uptake of chloride, the presence 
of the coated specimens appears to enhance the uptake of sodium into the corrosion 
products on the bare alloy. 
However, the increase in the amount of sodium entrained in the corrosion products on 
the bare alloy is notably less in the presence of the specimen supporting the high-
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inorganic sol-gel coating (cell 37a – light blue profile, Figure 5.112) than in the 
presence of the other two coated specimens. 
 
5.6.1.6 Series a: summary and conclusions 
Similar intensities of corrosion are observed on the bare alloy exposed in the presence 
specimens supporting various non-inhibited methacryloxy-based sol gel coatings and in 
the absence of a coated specimen. The thicknesses of corrosion products sampled during 
GDOES sputtering are also similar in each case. This result provides confidence in the 
unexpected results obtained in the presence of EPOXY-Al coatings containing ethanol 
or AluOx. 
The presence of the Zr precursor in the coated specimen from cell 38a appears to limit 
the redistribution of copper in the matrix during corrosion of the bare alloy in the 
artificial cell experiment. 
The bare alloy exposed in the presence of the non-inhibited TMEG coating (cell 51a) 
displayed a significantly greater intensity of corrosion than that in the absence of a 
coated specimen, along with a significant re-distribution of copper. However, the 
thickness of the corroded layer was significantly reduced in the presence of the TMEG 
specimen. This is interpreted as a greater density of corrosion product in the corrosion 
layer formed in the presence of TMEG (see schematic diagram in Chapter 4, Fig 4.35), 
indicating that the corrosion product consists of aluminium oxide with little or no non-
corroded aluminium. 
 
5.6.2 Series b artificial cells 
The elemental depth profiles obtained by sputtering the bare alloy from artificial cells 
35b, 37b, 38b, 42b, 51b and reference cell 54b are discussed in this section. The coated 
specimens used in these cells are listed in Table 3.8 of Chapter 3. 
 
5.6.2.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the bare alloy from cells 35b, 37b, 
38b, 42b, 51b and 54b all reveal an increased intensity of corrosion compared to the 
control specimen (Figure 5.113). Nevertheless, the intensity of corrosion is significantly 
reduced compared to that of the bare alloy from the reference cell (black profile, Figure 
5.113a). In Figure 5.113b, the aluminium depth profiles obtained during the first 30 s of 
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sputtering time are presented, with the profile for reference cell omitted for clarity. The 
intensity of corrosion of the bare alloy increases in the order: 
Control specimen < cell 37b < cell 51b < cell 42b < cell 35b < cell 38b << bare alloy, 
reference cell. 
 
5.6.2.2 Oxygen depth profiles 
The thickness of the corroded layer on the bare alloy from the series b artificial cells, as 
indicated by the half-peak-widths of the oxygen depth profiles (Figure 5.114), increases 
in the order: 
Control specimen << cell 37b < cell 51b < cell 42b ≤ cell 35b < cell 38b << bare alloy 
(reference cell). 
This is also seen in Table 5.12, which lists the measured sputtering times required to 
reduce the oxygen signal to one-half the peak intensity (equivalent to the half-peak-
width). 
 
Table 5.12: Sputtering times required to reduce the oxygen signal to one-half of the 
peak intensity for the control specimen and the bare alloy from cells 35b, 37b, 38b, 42b, 
51b and 54b. 
 Control Cell 35b Cell 37b Cell 38b Cell 42b Cell 51b Cell 54b 
Sputtering 
time/ s 
0.82 6.50 2.15 9.94 5.48 2.60 23.9 
 
Thus, the increase in intensity of corrosion, as derived from the aluminium depth 
profiles, is accompanied by a significant increase in the thickness of the corroded layer. 
Nevertheless, both the thickness and intensity of corrosion is less in the presence of a 
coated specimen than in the reference cell. 
 
5.6.2.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 35b, 37b, 
38b, 42b, 51b and 54b each suggest a significant re-distribution of copper in the 
corroded matrix, by comparison with the control specimen (Figure 5.115b). However, 
the extent of copper re-distribution observed in the presence of the coated specimens is 
significantly less than that observed in the absence of a coated specimen (black profile, 
Figure 5.115a). 
 
 250 
5.6.2.4 Chlorine depth profiles 
The chlorine depth profile obtained by sputtering the control specimen (grey profile, 
Figure 5.116b) reveals an insignificant amount of chlorine in the non-corroded bare 
alloy, the signal displaying a baseline intensity of 0.004 – 0.006 arbitrary units. 
A broad peak, of intensity approximately 0.08 arbitrary units, can be seen between 4 s 
and 12 s of sputtering time in the chlorine profiles of the bare alloy from cells 35b and 
42b (orange and dark green profiles, Figure 5.116b), which may signify the presence of 
chloride entrained in the corrosion products. 
A similar broad peak, of intensity 0.012 arbitrary units, is seen in the chlorine depth 
profile of the bare alloy from cell 38b (light green profile, Figure 5.116b). In terms of 
the area under the curve, this indicates a significant amount of chloride entrained in the 
corrosion products, compared with that noted for cells 35b and 42b. Nevertheless, this is 
significantly less than the amount of entrained chloride indicated for the bare alloy from 
the reference cell (black profile, Figure 5.116a). 
 
5.6.2.5 Sodium depth profiles 
The sodium depth profile obtained by sputtering the control specimen (grey profile, 
Figure 5.117) reveals a peak sodium intensity of 0.23 arbitrary units at approximately 1 
s of sputtering time, indicating the presence of a trace amount of sodium located close 
to the surface and, hence, possibly associated with the natural oxide layer. 
The sodium depth profile obtained by sputtering the bare alloy from reference cell 54b 
(black profile, Figure 5.117) reveals a peak of significantly lower intensity 0.04 
arbitrary units. However, this peak occurs between a sputtering time of 20 s and 80s, 
indicating the presence of sodium at a greater depth in the bare alloy (possibly 
associated with the corroded layer). In terms of the area under the profile, a significant 
increase in the amount of sodium in the bare alloy is indicated. 
The sodium depth profiles obtained by sputtering the bare alloy from cells 35b and 42b 
show peaks of intensity 0.04 – 0.05 arbitrary units between 5 s and 14 s of sputtering, 
indicating an increased amount of sodium at a moderate depth, compared with the 
control specimen. This correlates with the increased thickness and intensity of corrosion 
deduced from the oxygen and aluminium depth profiles. 
The bare alloy from cell 38b, which revealed the thickest corrosion layer and most 
intense corrosion in the presence of a coated specimen, also reveals the greatest amount 
of entrained sodium in the corrosion products (light green profile, Figure 5.117b). 
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The bare alloy from cell 37b, which revealed the thinnest, least intensely corroded layer 
in the presence of a coated specimen, does nevertheless reveal a significant amount of 
entrained sodium in the corrosion products. The peak intensity occurs at a sputtering 
time of approximately 4 s, indicating that the sodium is present at a reduced depth 
compared with the other cells (consistent with the reduced thickness of corrosion 
products). 
 
5.6.2.6 Series b: summary and conclusions 
At the end of the series a experiment (Section 5.6.1), the thickness and intensity of 
corrosion on the bare alloy in the presence of the methacryloxy-coated specimens was 
greater than or equal to that of the bare alloy from the equivalent reference cell. In 
contrast to this, the thickness and intensity of corrosion of the bare alloy in the presence 
of the methacryloxy-coated specimens at the end of the series b experiment was 
significantly less than that of the bare alloy from the equivalent reference cell. Thus, the 
presence of the methacryloxy-coated specimens appears to have a limiting effect on the 
corrosion of the bare alloy, which only becomes evident with the longer exposure time 
for series b.  
The chlorine depth profiles indicate an increase in the amount of chloride entrained in 
the corrosion products which is in direct proportion to the increase in thickness and 
intensity of corrosion derived from the oxygen and aluminium depth profiles. Thus, the 
apparent ability of the non-inhibited coatings to limit corrosion of the bare alloy during 
an extended exposure time in the artificial cells may be linked with possible absorption 
of chloride by the coatings. Note that a chloride-absorption effect was observed in the 
presence of EPOXY-Al coatings with AluOx nanocontainers even after the short 
exposure time (series a), suggesting that a possible further benefit might be obtained by 
combining the methacryloxy formulations with the inclusion of AluOx.  Alternatively, 
the apparent inhibitory effect may be due to competing corrosion underneath the 
coating, which becomes significant as the barrier properties of the coating break down. 
 
5.7 Characterisation 
5.7.1 Visual examination 
5.7.1.1 Bare alloy 
Cells 10a – 13a and 20a – 23a Photographic images of the control specimen and the 
bare alloy from cells 10a – 13a and 20a – 23a are presented in Figure 5.118. Corrosion 
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of the specimens from the cells is revealed by a general surface discolouration, 
particularly in the top one-third of each specimen, and the presence of a white deposit 
(probably aluminium hydroxide) forming vertical lines or patches. The white deposits 
are observed to form particularly large aggregates on the bare alloy from cell 22a 
(Figure 5.118h). 
 
Cells 10b – 13b and 20b – 23b In the case of the specimens from the series b cells, 
corrosion is patchy and significantly more intense than on the bare alloy from the series 
a cells. This can be seen in the photographic images in Figure 5.119. Some specimens 
show an asymmetric distribution, with intensely discoloured areas to one side (Figure 
5.119d and e) or near the bottom of the specimen (Figure 5.126g and h). These distinct 
patterns of corrosion may be characteristic of the presence of moderate to high 
proportions of ethanol in the coated specimens in cells 12a and 13a and of the presence 
of moderate to high proportions of AluOx in the coated specimens in cells 21a and 22a, 
as though a reduction in the intensity of corrosion at some locations is at the expense of 
an enhanced intensity of corrosion at other locations the specimen surface. 
Where white deposits are present they appear more localised and more intense than on 
the series a specimens and can often be seen to be associated with pitting. On the 
specimens from cells 20b – 22b (Figure 5.119f-h) and the specimen from the reference 
cell (Figure 5.119i), the white deposits form distended rings. On the specimens from 
cells 11b – 13b (Figure 5.119c-e), the white deposits form more concentrated point-like 
structures. These morphologies may be indicators of pit maturity. 
During the course of the artificial cell experiment, it was noticed that cell 10b had a 
slow leak. This may have influenced the mechanism and extent of corrosion of the bare 
alloy in this cell and may be responsible for the intense, white flecks of aluminium 
hydroxide visible on this specimen in Figure 5.119b. 
 
Cells 10c – 13c and 20c – 23c The photographic images of the specimens from the 
series c artificial cells (Figure 5.120) reveal a similar intensity of corrosion to the 
equivalent series b cells. However, in the bare alloy from cells 10c – 13c, the general 
discolouration is masked by a grey-white film. This film appears on the bottom one-
third of the specimen from cell 10c, covers more than two-thirds of the surface area of 
the specimens from cells 11c and 12c and covers much of the surface area of the 
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specimen from cell 13c. Intense white flecks are also visible on the specimens, 
occurring most numerously on the specimen from cell 13c. 
The bare alloy from cell 20c displays a strong discolouration over the full surface area, 
along with a moderate distribution of white flecks (Figure 5.120f). A similar 
discolouration is displayed by the specimen from cell 21c, but with a dark patch of 
intense discolouration toward the bottom left and a white film covering the bottom right 
(Figure 5.120g). White flecks are present, particularly toward the bottom of the 
specimen, but not as numerous as in the case of cell 20c. 
The specimen from cell 22c (Figure 5.120h) displays a significantly more intense 
discolouration than those from cells 20c and 21c, comparable with that on the specimen 
from the reference cell (23c, Figure 5.120i). A few white flecks are present, but there 
are many white deposits with the appearance of rings distributed over the entire surface 
area. 
 
Cells 35a, 37a, 38a, 42a, 51a and 54a Photographic images of the bare alloy from the 
artificial cells 35a, 37a, 38a, 42a, 51a and 54a are presented in Figure 5.121. A similar 
extent of corrosion is evident on each specimen, with a uniform surface discolouration 
and the presence of grey-white deposits. The surface discolouration is significantly 
more intense than on the specimens from cells 10a – 13a and 20a – 22a (Figure 5.121). 
This agrees with the interpretation of the elemental depth profiles, which suggested a 
reduced intensity of corrosion of the bare alloy in the presence of coated specimens with 
ethanol or AluOx, compared with the presence of the other non-inhibited coatings. 
 
Cells 35b, 37b, 38b, 42b, 51b and 54b The intensity of surface discolouration on the 
bare alloy from cells 35b and 37b (Figure 5.122b and c) is similar to that of the 
equivalent series a specimens (Figure 5.121b and c), but now there are intense streaks 
and faint rounded patches of corrosion product. This may suggest that general corrosion 
of the matrix occurs mainly during the first 5 h of exposure (the full exposure time for 
series a) with more localised corrosion taking place during the extended exposure time 
of exposure for series b. 
Similar comments may be made regarding the bare alloy from reference cell 54b, which 
has an intensity of surface discolouration comparable with that of the specimen from 
cell 54a (Figure 5.121g), but with a snow-like surface coverage of white corrosion 
product (Figure 5.122g). 
 254 
The bare alloy from cell 38b (Figure 5.122d) appears less intensely discoloured than the 
equivalent series a specimen (Figure 5.121d), but this may be due to the presence of a 
coherent, grey-white film covering the surface of the series b specimen. 
The bare alloy from cells 42b and 51b (Figure 5.122e and f) is more intensely 
discoloured than the equivalent series a specimens (Figure 5.121e and f). Numerous 
streaks are present on the specimen from cell 51b, but no such structures can be seen on 
the specimen from cell 42b. This is suggestive of continued corrosion involving the 
entire matrix (i.e. aluminium and copper corrosion) during the extended time of 
exposure for series b, with the initiation of pitting on the specimen from cell 42b during 
this extended time. 
 
5.7.1.2 Coated specimens 
Cells 10b – 13b Photographic images of the coated specimens, acquired before and after 
use in artificial cells 10b – 13b, are presented in Figure 5.123. A general discolouration 
of each of the specimens is evident after the artificial cell experiment. 
Some white patches can be seen on the surface of the coated specimen from cell 10b 
(arrows number 1, Figure 5.123b). These may represent patches of aluminium 
hydroxide that has become detached from the bare alloy and deposited on the coated 
specimen during the running of the artificial cell. The streaks of brown (arrows number 
2, Figure 5.123b) may be products of corrosion of the second phase particles on the bare 
alloy, again deposited after bulk movement across the solution. A crack in the coating is 
visible at the bottom of the specimen (arrow number 3, Figure 5.123b), indicating loss 
of integrity of the coating during the artificial cell experiment. It must be borne in mind 
that cell 10b was found to have developed a slow leak during the experiment. This may 
have facilitated the bulk transport of material from the bare alloy onto the coated 
specimen. 
After the experiment, the surface of the coated specimen from cell 11b (Figure 5.123d) 
reveals no visible deposits of material transported from the bare alloy. However, a crack 
in the coating (arrow number 1, Figure 5.123d) and a pit (arrow number 2, Figure 
5.123d) are clearly visible, indicating loss of coating integrity and pitting of the 
underlying substrate. No features representing possible initiation points for the cracking 
and pitting can be identified on the image of the same coated specimen that was 
acquired before the experiment (Figure 5.123c). 
 255 
No cracking or pitting can be detected on the coated specimen from cell 12b (Figure 
5.123f). A white fleck near the bottom of the specimen may be aluminium hydroxide 
that has become detached from the bare alloy and deposited on the coated specimen 
during the artificial cell experiment. 
The photographic image of the coated specimen from cell 13b (Figure 5.123h) also 
reveals no visible evidence of cracking or pitting. A white fleck and a patch of brown, 
possibly corrosion products transported from the bare alloy, are visible near the edge of 
the specimen (arrow, Figure 5.123h). A possible alternative explanation is de-
lamination of the coating at the cut edges of the specimen, allowing corrosion of the 
substrate underneath the coating. 
 
Cells 20b – 22b Photographic images of the coated specimens, acquired before and after 
use in artificial cells 20b – 22b, are presented in Figure 5.124. A number of pits can be 
seen on the coated specimen from cell 20b (arrows, Figure 5.124b), and one large pit is 
present at the edge of the coated specimen from cell 21b (arrow, Figure 5.124d). No pits 
are visible on the coated specimen from cell 22b (Figure 5.124f). 
A marked general surface discolouration of the coatings is observed after use in cells 
20b and 21b (Figure 5.124 b and d), possibly indicating mild corrosion of the 
underlying substrate. 
The coated specimen from cell 22b (Figure 5.124f) does not show a marked general 
surface discolouration, possibly due to an inhibitory effect of the empty AluOx 
containers (chloride ion absorption). However, brown deposits are visible at the edge of 
the coating, suggesting de-lamination. 
 
Discussion: Visual inspection of the specimens of bare alloy from the artificial cells 
suggests that a reduction in the intensity of corrosion at some locations on the specimen 
surface may be at the expense of an enhanced intensity of corrosion at other locations 
on the same specimen surface. This effect appears more significant in the absence of 
controlled scratches on the coated specimens (series b) than in the presence of 
controlled scratches, all other conditions being equal (series c). In previous sections, 
where the GDOES profiles were discussed, it was the least corroded area on each 
specimen that was compared, so that this effect is likely to underlie the differences 
between the bare alloy from series b and series c cells. This must be born in mind when 
considering the bare alloy exposed in the presence of inhibitor-doped coatings. 
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Corrosion of the bare alloy is revealed by a general surface discolouration, frequently 
accompanied by the presence of white deposits, probably of aluminium hydroxide. 
These deposits can take the form of vertical streaks or patches, intensely white 
pinpoints, less intense circles, or white rings surrounding black pinpoints. These various 
morphologies may be indicators of pitting initiation and of pit maturity. 
Visual examination of the bare alloy from cells in which methacryloxy-based coatings 
featured suggests that general corrosion of the matrix occurs mainly during the first 5 h 
of exposure (series a) with more localised corrosion taking place during an extended 
time of exposure (series b). In the case of the high-organic sol-gel and the TMEG 
coating, general corrosion of the matrix appears to continue to some extent during the 
longer exposure time. 
Visual inspection of the coated specimens from the artificial cells reveals some 
discoloration, possibly indicating corrosion of the underlying substrate, but moderate to 
good barrier properties are indicated. The least discolouration is observed for the 
specimen supporting the EPOXY-Al30AluOx coating, possibly due to an inhibitory 
effect of the empty AluOx containers (chloride ion absorption). 
Some possible indicators of delamination can be seen at the cut edges on the EPOXY-
Al coatings incorporating various proportions of ethanol. 
 
5.7.2 Optical microscopy 
5.7.2.1 Bare alloy from the series a cells 
Control specimen At a magnification factor of x80, the control specimen displays 
rounded, highly reflective second phase particles (Figure 5.125a). These have a raised 
appearance due to preferential dissolution of the matrix during alkaline etching and de-
smutting. 
 
Reference cell 23a At a magnification factor of x80, the bare alloy from cell 23a 
(Figure 5.125b) reveals degraded second phase particles (discoloured and unreflective) 
surrounded by brown rings which may consist of corroded matrix and particles of de-
alloyed copper. Also visible are grey-white arcs of aluminium hydroxide. 
 
Cells 10a – 13a Optical micrographs of the bare alloy from cells 10a – 13a, at a 
magnification factor of x80, are presented in Figures 5.126 and 127. Each specimen 
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reveals significantly fewer degraded second phase particles than the specimen from the 
reference cell. 
Some degraded second phase particles surrounded by brown deposits are prominent on 
the specimen from cell 10a (Figure 5.126a) and less prominent on the specimen from 
cell 13a (Figure 5.127b). Few degraded second phase particles can be seen on the 
specimen from cell 11a, and those present are generally not surrounded by brown 
deposits (Figure 5.126b). No degraded second phase particles can be seen on the 
specimen from cell 12a (Figure 5.127a). 
This suggests a reduction in degradation of the second phase particles in the presence of 
10 – 20% ethanol in the coated specimen (compared with the presence of the specimen 
supporting a concentrated EPOXY-Al coating), with a reversal in this trend when the 
proportion of ethanol is increased to 30%. 
 
Cells 20a – 22a Optical micrographs of the bare alloy from cells 20a – 22a are 
presented in Figure 5.128. These reveal a clear trend of increasing degradation of 
second phase particles with increasing proportion of AluOx in the coated specimen – 
Figure 5.128a (cell 20a) reveals a few degraded particles with no surrounding brown 
deposits, while Figures 5.128b and c (cells 21a and 22a) reveal increasingly numerous 
degraded particles surrounded by rings of brown deposit. 
 
Cells 35a, 37a, 38a and 51a Optical micrographs of the bare alloy from artificial cells 
35a, 37a, 38a and 51a are presented in Figures 5.129 – 5.132. 
A pit (~ 75 µm across) is visible on the bare alloy from cell 35a (Figure 5.129a). The 
darkened area surrounding the pit is resolved, at a magnification factor of x80, into 
individual clumps of corrosion product (aluminium hydroxide) of size 5 – 10 µm 
(Figure 5.129b). 
On the bare alloy from cell 37a, pits averaged size 25 µm across (Figure 5.130a), with 
fewer clumps of oxide than in 35a, but with extensive intergranular corrosion of the 
matrix around the pit (Figure 5.130b). 
A partial ring of corrosion product is visible at a magnification factor of x20 on the bare 
alloy from cell 38a (Figure 5.131a). The object, approximately 25 µm across, visible at 
the centre of the ring is possibly a second phase particle or a pit. At a magnification 
factor of x80, part of the ring is visible as a coherent deposit of aluminium hydroxide 
(Figure 5.131b). Numerous small patches of hydroxide are also visible. 
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No pits were observed on the bare alloy from cell 51a at magnification factors of x20 or 
x80 (Figure 5.132). The image acquired at a magnification factor of x80 (Figure 5.132b) 
is comparable with that of the control specimen (Figure 5.125a). 
 
5.7.2.2 Bare alloy from the series b cells 
The corrosion features exhibited by the bare AA2024 T3 alloy from the series b 
artificial cells can be seen in the optical micrographs presented in Figures 133 − 143. 
 
Cell 11b The bare alloy from cell 11b revealed isolated pits (approximately 100 µm 
across) surrounded by grey white deposits of corrosion product (Figure 133a and b) and 
extensive areas of undisturbed matrix (Figure 133c and d) supporting clusters and lines 
of second phase particles (Figure 133c). The intensely corroded area visible near the 
bottom of the photographic image (Figure 119c, arrow) is revealed in the optical 
micrograph as strongly discoloured matrix with evidence of intergranular corrosion and 
possible nascent pits (Figure 133e). 
 
Cell 12b The bare alloy from cell 12b (Figure 134) reveals isolated pits similar to those 
observed on the bare alloy from cell 11b. At a higher magnification, the pit is seen to be 
surrounded by regions of intergranular corrosion and by large patches of corrosion 
product (Figure 134d). The intensely corroded area near the top left of the specimen 
(Figure 119d, arrow) is revealed in the optical micrograph as discoloured matrix with 
strong interference colours (Figure 134e). 
 
Cell 13b The optical micrographs of the bare alloy from cell 13b reveal extensive areas 
of discoloured matrix (Figure 135b). Large pits are also visible (Figure 135a), 
surrounded by matrix with a fine granular appearance (Figure 135d). Crystals of sodium 
chloride are visible on the surface (Figure 135c and e), suggesting a high level of 
surface roughness which prevented complete removal of sodium chloride when rinsing 
with de-ionised water after the artificial cell experiment. Parts of the matrix display 
extensive intergranular corrosion (Figure 135f). Characteristics of the bare alloy from 
cell 13b that are not observed on the bare alloy from cells 11b and 12b (i.e. the presence 
of sodium chloride crystals and granular appearance of the matrix) may be due to the 
presence of a high proportion of ethanol (30%) in the coated specimen used in cell 13b. 
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Such features are not apparent on the bare alloy from cell 13a, possibly due to the 
significantly shorter running time of the series a experiment. 
 
Cell 20b The bare alloy from cell 20b reveals numerous large pits surrounded by rings 
(Figure 136a) and clusters of aluminium hydroxide (Figures 136c and e). The rings 
appear to consist of localised intergranular corrosion (Figure 136d). Areas of matrix 
displaying interference colours are also visible (Figure 136b). 
 
Cell 21b The optical micrographs of the bare alloy from cell 21b reveal similar features 
to that from cell 20b − large pits surrounded by clusters of corrosion products and rings 
of intergranular corrosion (Figures 137a, c, e and f). The intensely corroded area near 
the bottom of the specimen (Figure 5.119g, arrow) consists of a dense cluster of pits 
(Figure 137b) in strongly discoloured matrix (Figures 137d and g). 
 
Cell 22b The bare alloy from cell 22b (Figure 138) reveals similar features to that from 
cell 21b, including an intensely corroded area near the bottom of the specimen (Figures 
5.119h and Figure 138b, d and f). 
 
Cell 35b The optical micrographs of the bare alloy from cell 35b reveal a strongly 
discoloured matrix with many pits and deposits of aluminium hydroxide (Figures 139a 
− c). At higher magnifications, the pits are seen to be associated with intergranular 
corrosion (Figure 139d), while some of the second phase particles display a dark green 
colouration, likely associated with the presence of copper (Figure 139e). 
 
Cell 37b The optical micrograph of the bare alloy from cell 37b reveals similar features 
to that from cell 35b, but with generally larger pits and associated deposits of 
aluminium hydroxide (Figure 140). Some of the second phase particles are now 
surrounded by brown rings which may represent de-alloyed copper (Figure 140d). 
 
Cell 38b Significantly larger pits, along with larger and more numerous deposits of 
aluminium hydroxide are observed on the bare alloy from cell 38b (Figure 141). 
However, the second phase particles are not surrounded by brown deposits (in contrast 
to cell 37b) and their borders are not as distinctly green as in the case of cell 35b (Figure 
141e, compare Figure 139e). 
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Cell 42b In contrast to the bare alloy from cells 35b, 37b and 38b, the bare alloy from 
cell 42b reveals no large-scale deposits of aluminium hydroxide and few large pits 
(Figures 142a and b). Strong discolouration of the matrix is observed over much of the 
specimen (e.g. Figure 142d), but some areas are less discoloured (e.g. Figure 142c, see 
also the photographic image in Figure 5.119e). Isolated small pits surrounded by 
aluminium hydroxide are visible at a magnification factor of x80 (Figure 142e). The 
second phase particles appear largely non-corroded, although some small green deposits 
are visible (Figure 142e). 
 
Cell 51b The bare alloy from cell 51b also reveals no large-scale deposits of aluminium 
hydroxide and few large pits (Figures 143a and b), but numerous small deposits of 
aluminium hydroxide are visible at higher magnifications (Figure 143c and d). Areas of 
strongly discoloured and altered matrix are observed (Figure 143e), but the second 
phase particles remain largely non-corroded (Figure 143f). 
 
5.7.2.3 Coated specimens from the series b cells 
Figures 5.144 – 5.149 present optical micrographs of the specimens supporting the non-
inhibited EPOXY-Al coatings with various proportions of ethanol and with various 
proportions of AluOx, before and after use in the series b artificial cells. In general, the 
coatings show no visible sign of degradation after use in the artificial cells. Note the 
distinctive surface texture of the specimen supporting EPOXY-Al30AluOx (Figure 
5.149), possibly due to a non-uniform distribution of AluOx particles within the coating 
matrix, such that localised clusters of AluOx are present. 
 
5.7.2.4 Bare alloy from the series c cells 
Optical micrographs of the bare alloy from the series c artificial cells are presented in 
Figures 5.150 – 5.157. 
 
Cell 10c The bare alloy from artificial cell 10c (Figure 5.150) reveals extensive, large-
scale pitting (up to approximately 300 µm across, including the surrounding deposits of 
corrosion product). The pits are typically surrounded by deposits of aluminium 
hydroxide. At higher magnifications, evidence of intergranular corrosion of the matrix 
is visible (Figure 5.150e). 
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Cell 11c A similar degree of pitting is observed in the bare alloy from cell 11c (Figure 
5.151). The intensely corroded area visible near the bottom of the specimen in the 
photographic image (Figure 5.120c, arrow) is imaged in Figure 5.151e. 
 
Cell 12c The bare alloy from cell 12c displays pits up to approximate 700 µm across, 
including the surrounding deposits of corrosion product (Figure 5.152). Extensive 
intergranular corrosion of the matrix is evident (Figure 5.152c). Figure 5.152e reveals 
the intensely corroded matrix that was visible near the bottom of the specimen in the 
photographic image (Figure 5.120d, arrow). 
 
Cell 13c The pitting imaged on the bare alloy from cell 13c (Figure 5.153), although 
extensive, is primarily on a smaller scale than noted for cells 10c – 12c. Nevertheless, 
some larger pits are associated with extensive intergranular corrosion (Figures 5.153b - 
e). There was no intensely corroded area of the kind observed on the bare alloy from 
cells 11c and 12c (see Figure 5.120e). 
 
Cell 20c The optical micrographs of the bare alloy from cell 20c reveal pits up to 
approximately 150 µm across, including the immediately surrounding deposits of 
corrosion product (Figure 5.154). The pits on this specimen are characterised by the 
presence of thin arcs or rings at a distance of about 500 µm from the pit centres. These 
features are sometimes observed surrounding groups of small pits. Such features were 
not observed on the bare alloy from cells 10c – 13c. 
No intensely corroded region of the kind observed on the bare alloy from cells 11c and 
12c was evident on the bare alloy from cell 20c. However, a varied discolouration of the 
matrix was observed (e.g. within the black rectangle in Figure 5.120f); the border 
between such differentially discoloured regions is visible in the optical micrograph in 
Figure 5.154d. 
 
Cell 21c The bare alloy from cell 21c (Figure 5.155) displays more extensive pitting, 
with similar pit size and morphology to that observed on the specimen from cell 20c. 
The area of intense corrosion visible in the photographic image (Figure 5.120g, arrow) 
also supports such pits, but with broader arcs/rings and strongly discoloured matrix 
(Figure 5.155c and e). 
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Cell 22c Large pits (up to approximately 600 µm across, including the immediately 
surrounding deposits of corrosion product) with nearby arcs and rings are visible in the 
optical micrographs of the bare alloy from cell 22c (Figure 5.156). No intensely 
corroded region of the kind observed on the bare alloy from cell 11c and 12c was 
evident on the bare alloy from cell 20c (see Figure 5.120h). The matrix, which 
displayed some discolouration, is visible in the optical micrographs in Figure 156d and 
f. 
 
Discussion. The optical micrographs of the bare alloy from the artificial cells suggest a 
reduction in degradation of the second phase particles in the presence of 10 – 20% 
ethanol in the coated specimen (compared with the presence of the specimen supporting 
a concentrated EPOXY-Al coating). A reversal of this trend is observed when the 
proportion of ethanol is increased to 30%. 
A clear trend of increasing degradation of the second phase particles is observed with 
increasing proportion of AluOx in the coated specimens. 
Mature pit morphologies are imaged on the bare alloy from series a cells in the presence 
of specimens supporting the non-inhibited methacryloxy-based sol gel coatings, but not 
in the presence of the specimen supporting the TMEG coating or the EPOXY-Al 
coatings with various proportions of ethanol or AluOx. These observations support the 
interpretation of the elemental depth profiles in previous sections.  
In contrast to series a,  the optical micrographs of the bare alloy from the series b 
artificial cells in the presence of EPOXY-Al coatings with various proportions of 
ethanol or AluOx reveal mature pitting morphologies. 
 
5.8 Non-inhibited coatings on AA2024 T3: summary and conclusions 
5.8.1 Elemental depth profiling and immersion testing 
In the first part of this chapter, the immersion behaviour of coated specimens supporting 
4 mm diameter GDOES craters was investigated. The effectiveness of the non-inhibited 
TMEG coating as a barrier to corrosion was demonstrated, although an increase in 
coating porosity due to immersion may be evident. The exposed substrate at the base of 
the 4 mm diameter GDOES crater was shown to be unprotected from corrosion. 
The use of ethanol in the EPOXY-Al coating formulation resulted in a trend of 
increasing coating thickness with increasing proportion of ethanol, probably indicating 
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the retention of ethanol in the cured coating. This may have led to a reduction in the 
coating/substrate adhesion, although the effectiveness of the coatings as barriers was 
demonstrated. Corrosion of the exposed substrate at the base of the 4 mm diameter 
GDOES crater was found to be enhanced in the presence of the EPOXY-Al-EtOH 
coatings. 
The SEM analysis of these specimens indicated that the sol-gel coating was not 
completely removed during GDOES sputtering, except towards the centre of the craters. 
Further, the presence of an extensive deposit of excavated substrate around the crater 
periphery was demonstrated. It was concluded that the interpretation of a study of 
inhibitor-doped coatings based on this methodology might be problematic, so the 
remainder of the present chapter was focused on the results of an alternative artificial 
cell methodology. 
 
5.8.2 Artificial cells 
The artificial cell study resulted in a range of observations regarding the effects of the 
presence of specimens supporting a variety of non-inhibited coatings upon the corrosion 
behaviour of the bare alloy. These effects must be taken into account when discussing 
the results of artificial cell experiments involving inhibitor-doped coatings. 
 
5.8.2.1 EPOXY-Al-EtOH 
When the artificial cell experiment was run for 5 h in the presence of controlled 
scratches on the coatings (series a), a reduction in the intensity of corrosion of the bare 
alloy was indicated with increasing proportion of ethanol in the EPOXY-Al coated 
specimens. This effect remained evident after an exposure time of 200 h in the absence 
of controlled scratches (series b), but not when controlled scratches were present (series 
c). 
A trend of decreasing thickness of the corrosion products with increasing proportion of 
ethanol in the coated specimen was observed at the end of 5 h, but this trend was 
reversed after 200 h (in the absence of controlled scratches in the coatings). The 
intensity of corrosion remained relatively low, so that the corroded layer was likely to 
consist of a mixture of aluminium hydroxide and non-corroded aluminium. 
The amount of chloride entrained in the corrosion products on the bare alloy decreased, 
and the amount of sodium entrained in the corrosion products increased, as the 
proportion of ethanol in the coated specimen increased. 
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5.8.2.2 EPOXY-Al-AluOx 
Bare alloy The presence of 10 – 20 % AluOx in the coated specimen resulted in a 
reduced intensity of corrosion of the bare alloy at the end of 5 h of exposure in the 
artificial cell experiment. No reduction in the intensity of corrosion was detected in the 
presence of 30% AluOx, although a reduction in the thickness of the layer of corrosion 
products was noted. This trend is not preserved after 200 h in the presence or absence of 
controlled scratches on the coatings, when increasing proportions of AluOx correlates 
with increasing intensity of corrosion of the aluminium-rich matrix along with evidence 
for re-distribution or de-alloying of copper. 
At the end of 5 h, significantly reduced amounts of sodium and chloride were sampled 
in the corrosion products on the bare alloy exposed in the presence of specimens 
supporting the EPOXY-Al coatings with various proportions of AluOx, compared with 
the bare alloy exposed in the absence of a coated specimen. This is possibly due to 
absorption of these species by the empty AluOx containers. 
At the end of 200 h, significantly increased amounts of sodium and chloride are 
sampled when sputtering the corroded layers. Thus, the absorption of chloride from the 
solution by the empty AluOx containers appears to be limited in time, perhaps 
indicating a maximum ion-uptake capacity for the nanocontainers.  
 
Coated specimens After 200 h of exposure, a significant bulk loss of material from the 
concentrated EPOXY-Al coating was demonstrated. A considerably reduced loss of 
bulk material was demonstrated for the coatings formulated with various proportions of 
ethanol. 
Minimal bulk loss of coating material from the specimens incorporating 10 – 20% 
AluOx was demonstrated. The coating with the highest proportion of AluOx (30%) 
appeared to have an altered surface morphology after the artificial cell experiment, 
possibly related to a non-uniform distribution of AluOx particles within the coating 
matrix. 
A clear trend of increasing oxygen absorption by the coatings with increasing 
proportion of AluOx was demonstrated. 
A significant increase in the amount of sodium and chlorine in the coated specimens 
from the artificial cells was demonstrated, compared with the reference specimens. 
Adsorption of both sodium and chloride ion was greatest in the presence of 30% AluOx. 
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This provides clear evidence for adsorption of sodium and chloride ion by the AluOx 
nanocontainers. Note that there was no evidence for absorption of chloride ion by the 
coatings formulated with various proportions of ethanol, or for the concentrated 
EPOXY-Al coating. 
 
5.8.2.3 Methacryloxy-based sol-gel coatings 
At the end of 5 h, the thickness and intensity of corrosion of the bare alloy exposed in 
the presence of specimens supporting various non-inhibited methacryloxy-based sol-gel 
coatings was comparable to those observed on the bare alloy exposed in the absence of 
a coated specimen. However, at the end of 200 h, the thickness and intensity of 
corrosion of the bare alloy exposed in the presence of the coated specimens was 
significantly less than those observed on the bare alloy exposed for 200 h in the absence 
of a coated specimen. Thus, the presence of the specimens supporting the non-inhibited 
methacryloxy-based coatings appears to have a limiting effect on the corrosion of the 
bare alloy, which only becomes evident with the longer exposure time. This effect may 
be due to adsorption of chloride ion by the coatings. This, coupled with the significantly 
greater extent of chloride adsorption observed in the presence of the EPOXY-Al 
coatings with empty AluOx containers suggests that it would be beneficial to 
incorporate AluOx into the methacryloxy-based coatings formulation. 
The presence of the Zr precursor in the methacryloxy-based coating formulation 
appeared to result in a reduction in the degradation of the second phase particles in the 
bare alloy. This effect was observed at the end of 5 h of exposure in the artificial cell. 
 
5.8.2.4 TMEG 
The bare alloy exposed in the presence of a specimen supporting the non-inhibited 
TMEG coating displayed a significantly greater intensity of corrosion than that exposed 
in the absence of a coated specimen. However, the thickness of the corroded layer on 
the bare alloy was significantly reduced in the presence of the TMEG specimen. This is 
interpreted as a greater density of corrosion product in the corrosion layer formed in the 
presence of TMEG (see schematic diagram in Chapter 4, Fig 4.35), indicating that the 
corrosion product consists of aluminium oxide with little or no non-corroded 
aluminium. This may suggest the presence of a coherent, protective oxide layer. 
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5.9 Future work 
Based on the results of the artificial cell studies, it may be possible to envisage the 
development of an ultimate inhibitor-free coating combining the various beneficial 
effects noted. It may be possible to functionalise the AluOx nanoparticles to enhance 
their chloride-ion absorbing potential. It might then be interesting to produce a coating 
using the methacryloxy-based formulation with Zr precursor, incorporating the 
functionalised AluOx particles at a concentration of 20%. After investigating the barrier 
and intrinsic corrosion inhibition properties of such a coating, one might then 
investigating the introduction of inhibitor species. It might be further beneficial to 
incorporate two separately prepared populations of AluOx containers, one 
functionalised for chloride absorption and the other carrying inhibitor species. 
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Elemental depth profile obtained using the 4 mm source to sputter the AA2024 T3 supporting 
the uninhibited TMEG coating before immersion test
0
20
40
60
80
100
120
140
0 10 20 30 40 50 60 70 80
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
Aluminium
Copper (x4)
Carbon (x2)
Oxygen (x10)
Cerium (x200)
Nitrogen (x40)
Silicon (x2)
 
a) 
Oxygen and copper depth profiles obtained using the 4 mm source to sputter the AA2024 T3 
supporting the uninhibited TMEG coating before immersion test
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b) 
Figure 5.1: Elemental depth profile of the specimen supporting the TMEG coating, acquired using 
the 4 mm diameter source before immersion testing: a) full profile; b) expanded to show the oxygen 
and copper signals at the coating/substrate interface. Multiplication factors have been applied to 
some of the profiles to improve their clarity. 
 
 268 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the 
AA2024 T3 alloy supporting the uninhibited TMEG coating after immersion in 35 gl-1 NaCl 
solution for 2 days.
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a) 
Oxygen and copper depth profiles obtained using the 4 mm source to sputter the bulk 
surface of the AA2024 T3 alloy supporting the uninhibited TMEG coating after immersion in 
35 gl-1 NaCl solution for 2 days.
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b) 
Figure 5.2: Elemental depth profile of the specimen supporting the TMEG coating, acquired using 
the 4 mm diameter source after immersion testing: a) full profile; b) expanded to show the copper 
and oxygen profiles at the coating/substrate interface. Multiplication factors have been applied to 
some of the profiles to improve their clarity. 
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Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on 
the AA2024 T3 alloy supporting the uninhibited TMEG coating after immersion in 35 gl-1 NaCl 
solution for 2 days
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a) 
Elemental depth profile obtained using the 2 mm source to sputter inside the 4 mm craters on the 
bare AA2024 T3 alloy after immersion in 35 gl-1 NaCl solution for 2 days (plate 2, crater 12)
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b) 
Figure 5.3: Elemental depth profile obtained by using the 2 mm diameter source to sputter within a 
4 mm diameter crater on a) the specimen supporting the TMEG coating and b) the bare alloy, after 
immersion testing. Multiplication factors have been applied to some of the curves to improve their 
clarity. 
 
   
a)                                          b)                                            c) 
Figure 5.4: Photographic images of a 4 mm diameter GDOES crater and the surrounding area on a 
specimen supporting the TMEG coating a) before and b) after immersion testing. In c) a 4 mm 
diameter crater in the bare alloy after immersion under the same conditions is shown for 
comparison. 
1 
2 
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a)                                                                b) 
  
c)                                                                d) 
  
e)                                                                f) 
Figure 5.5: A series of FEG-SEM images showing a cross-section of the specimen supporting the 
non-inhibited TMEG coating (control – not immersed): a), c) and e) secondary electrons, b), d) and 
f) backscattered electrons. 
 
coating 
substrate 
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a)                                                                b) 
  
c)                                                                d) 
  
e)                                                                f) 
Figure 5.6: FEG-SEM images showing a cross-section of the specimen supporting the non-inhibited 
TMEG coating after immersion testing: a), c) and e) secondary electrons; b), d) and f) 
backscattered electrons. 
 
Detachment of coating 
Substrate exposed by flaking of coating. 
Second phase 
particle. 
Coating.
. 
Substrate. 
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a) 
 
 
b) 
Element Weight% Atomic% 
C K 14.76 21.63 
O K 52.65 57.93 
Si K 32.62 20.45 
Ce L -0.03 0.00 
Totals 100.00  
c) 
Figure 5.7: a) Electron micrograph showing the bulk surface of the specimen supporting the 
TMEG coating (control), b) EDX spectrum acquired from the area outlined by the pink square in 
the micrograph, c) Table of elemental abundances derived from b). 
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a) 
 
 
b) 
Element Weight% Atomic% 
C K 14.96 21.95 
O K 52.50 57.81 
Si K 32.21 20.20 
Ce L 0.32 0.04 
Totals 100.00  
c) 
Figure 5.8: a) Electron micrograph showing the bulk surface of the specimen supporting the 
TMEG coating, acquired after immersion testing; b) EDX spectrum acquired from the area 
outlined by the pink square in the micrograph, c) table of elemental abundances derived from b). 
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a) 
 
b) 
Figure 5.9: FEG-SEM images presenting a cross-section of the edge of a 4 mm diameter GDOES 
crater on the specimen supporting the TMEG coating (control): a) secondary electrons; b) 
backscattered electrons. 
Material excavated from crater 
during sputtering. 
Coating. 
Substrate. 
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a) 
 
b) 
Figure 5.10: FEG-SEM images presenting a cross-section of the base of a 4 mm diameter GDOES 
crater on the specimen supporting the TMEG coating (control): a) secondary electrons; b) 
backscattered electrons. 
Possible remnant of coating. 
Substrate. 
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a) 
 
b) 
Figure 5.11: FEG-SEM images presenting a cross-section of the edge of a 4 mm diameter GDOES 
crater on the specimen supporting the TMEG coating, acquired after immersion testing: a) 
secondary electrons; b) backscattered electrons. 
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a) 
 
b) 
Figure 5.12: FEG-SEM images presenting a cross-section of the base of a 4 mm GDOES diameter 
crater on the specimen supporting the TMEG coating, acquired after immersion testing: a) 
secondary electrons; b) backscattered electrons. 
Corrosion products. 
Substrate. 
Altered layer. 
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a) 
  
b)                                                          c) 
 
d) 
Spectrum1 Spectrum2 Spectrum3 
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic% 
O K 1.03 2.23 O K 10.54 17.10 O K 0.60 1.04 
Mg K 0.43 0.62 Mg K 1.28 1.37 Mg K 1.52 1.74 
Al K 54.59 70.41 Al K 78.65 75.69 Al K 91.68 94.57 
Si K 1.68 2.08 Si K 3.66 3.39 Si K -0.20 -0.20 
Mn K 8.12 5.14 Mn K 0.57 0.27 Mn K 0.99 0.50 
Fe K 11.53 7.19 Fe K 0.24 0.11 Fe K -0.01 -0.01 
Cu L 22.42 12.28 Cu L 5.09 2.08 Cu L 5.35 2.34 
Ce L 0.21 0.05 Ce L -0.04 -0.01 Ce L 0.08 0.02 
Totals 100.00  Totals 100.00  Totals 100.00  
e) 
Figure 5.13: a) Electron micrograph showing the exposed AA2024 T3 substrate on the base of a 4 
mm diameter GDOES crater in the specimen supporting the TMEG coating (control); b) – d) EDX 
spectra of the three areas highlighted in the micrograph, e) table of elemental abundances in the 
highlighted areas. 
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a) 
 
 
b) 
Element Weight% Atomic% 
O K 7.93 18.88 
Mg K 26.23 41.11 
Mn K 5.53 3.83 
Cu L 60.34 36.19 
Ce L -0.03 -0.01 
Totals 100.00  
c) 
Figure 5.14: a) Electron micrograph of an area of exposed substrate within a 4 mm diameter 
GDOES crater on the specimen supporting the TMEG coating, acquired after immersion testing; 
b) EDX spectrum from the area outlined in the micrograph, c) table of elemental abundances 
derived from the EDX spectrum. 
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Aluminium profiles, before immersion (4 mm source)
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Figure 5.35: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy and specimens supporting the non-inhibited EPOXY-Al coatings before immersion testing. 
 
Aluminium profiles after immersion in 35 g/l NaCl solution,
fresh surface (4 mm source)
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Figure 5.16: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surfaces of the bare alloy and specimens supporting the non-inhibited EPOXY-Al coatings after 2 
days of immersion in 35 g l
-1
 NaCl solution. 
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Aluminium profiles, after immersion in 35 g/l NaCl solution,
inside 4 mm craters (2 mm source)
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Figure 5.17: Aluminium depth profiles obtained using the 2 mm diameter source to sputter within 
the 4 mm GDOES craters on the bare alloy and specimens supporting the non-inhibited EPOXY-Al 
coatings after 2 days of immersion in 35 g l
-1
 NaCl solution. 
 
 
Aluminium profiles obtained using the 4 mm source:
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Figure 5.18: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the specimen supporting the concentrated EPOXY-Al coating before and after 2 days of 
immersion in 35 g l
-1
 NaCl solution. 
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Aluminium profiles obtained using the 4 mm source before and after immersion in 35 g/l NaCl 
solution.
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Figure 5.19: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the specimen supporting the EPOXY-AL10EtOH coating before and after 2 days of 
immersion in 35 g l
-1
 NaCl solution. 
 
 
Aluminium profiles obtained using the 4 mm source before and after immersion in 35 g/l NaCl 
solution
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Figure 5.20: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the specimen supporting the EPOXY-AL20EtOH coating before and after 2 days of 
immersion in 35 g l
-1
 NaCl solution. 
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Aluminium profiles obtained using the 4 mm source before and after immersion in 35g/l NaCl 
solution
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Figure 5.21: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of the specimen supporting the EPOXY-AL30EtOH coating before and after 2 days of 
immersion in 35 g l
-1
 NaCl solution. 
 Oxygen profiles, before immersion (4 mm source)
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Figure 5.22: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy and specimens supporting the non-inhibited EPOXY-Al coatings before immersion testing. 
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Oxygen profiles, after immersion in 3.5 g/l NaCl solution, fresh surface (4 mm)
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Figure 5.23: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surfaces of the bare alloy and specimens supporting the non-inhibited EPOXY-Al coatings after 2 
days of immersion in 35 g l
-1
 NaCl solution. 
 O profiles after immersion in 35 g/l NaCl solution, inside 4 mm craters (2 mm source)
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Figure 5.24: Oxygen depth profiles obtained using the 2 mm diameter source to sputter inside the 4 
mm GDOES craters on the bare alloy and on specimens supporting the non-inhibited EPOXY-Al 
coatings after 2 days of immersion in 35 g l-1 NaCl solution. 
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a)                                                                      b) 
Figure 5.25: Photographic images of a 4 mm diameter GDOES crater on a specimen supporting the 
concentrated EPOXY-Al coating a) before immersion and b) after 2 days of immersion in 35 g l
-1
 
NaCl solution at 23 °C. 
 
  
a)                                                                      b) 
Figure 5.26: Photographic images of a 4 mm diameter GDOES crater on a specimen supporting the 
EPOXY-Al10EtOH coating a) before immersion and b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution at 23 °C. 
 
  
a)                                                                      b) 
Figure 5.27: Photographic images of a 4 mm diameter GDOES crater an a specimen supporting the 
EPOXY-Al20EtOH coating a) before immersion and b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution at 23 °C. 
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a)                                                                   b) 
Figure 5.28: Photographic images of a 4 mm diameter GDOES crater on a specimen supporting the 
EPOXY-Al30EtOH coating a) before immersion and b) after 2 days of immersion in 35 g l
-1
 NaCl 
solution at 23 °C. 
 
  
a)                                                                  b) 
Figure 5.29: Photographic images of a 4 mm diameter GDOES crater on the bare AA2024 T3 alloy 
a) before immersion and b) after 2 days of immersion in 35 g l
-1
 NaCl solution at 23 °C. 
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a) 
 
b) 
 
c) 
Figure 5.30: Optical micrographs (magnification factor x 20) of a 4 mm diameter GDOES crater on 
a specimen supporting the EPOXY-Al30EtOH coating, acquired before immersion testing: a) 
crater edge; b) crater floor to the right of the crater edge, c) crater floor, centre. 
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a) 
 
b) 
 
c) 
Figure 5.31: Optical micrographs (magnification factor x 20) of a 4 mm diameter GDOES crater on 
a specimen supporting the EPOXY-Al30EtOH coating after 2 days of immersion in 35 g l
-1
 NaCl 
solution: a) crater edge; b) crater floor to the right of the crater edge, c) crater floor, centre. 
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a) 
 
b) 
Figure 5.32: Optical micrographs (magnification factor x 20) of a 4 mm diameter GDOES crater on 
a specimen supporting the concentrated EPOXY-Al coating: a) before immersion; b) after two days 
of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 5.33: FEG SEM images of a specimen supporting the concentrated EPOXY-Al coating 
(control – not immersed): a) backscattered and b) secondary electron images. 
7.6 ± 0.1 µm 
coating 
Substrate 
7.6 ± 0.1 µm 
coating 
Substrate 
Low coating/substrate adhesion 
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Figure 5.34: Composite FEG-SEM images of the edge of a 4 mm diameter GDOES crater on the 
specimen supporting theconcentrated EPOXY-Al coating (control – not immersed). The arrows 
point to 1) lack of adhesion between the sol-gel coating and the substrate, 2) material excavated 
from the crater and deposited around crater edge, 3) lack of adhesion between the deposited 
material and the bulk sol-gel coating, 4) the bulk EPOXY-Al sol-gel coating and 5) the AA2024 T3 
substrate. 
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a) 
 
b) 
Figure 5.35: FEG-SEM images showing a cross-section of the edge of a 4 mm diameter GDOES 
crater on a specimen supporting the concentrated EPOXY-Al coating (control – not immersed): a) 
backscattered and b) secondary electron images. The depth of excavation into the substrate is 
approximately 10 µm.  
10 µm 
substrate 
EPOXY-AL 
coating 
Excavated material 
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a) 
 
b) 
Figure 5.36: FEG-SEM images showing the base of a 4 mm diameter GDOES crater on a specimen 
supporting the concentrated EPOXY-Al coating (control – not immersed): a) backscattered and b) 
secondary electron images. 
Crater base showing raised areas and depressions 
substrate 
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a) 
 
b) 
Figure 5.37: FEG-SEM images of a 4 mm diameter GDOES crater on a specimen supporting the 
concentrated EPOXY-Al coating (control – not immersed). 
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a) 
 
b) 
Figure 5.38: FEG SEM images of a specimen supporting the concentrated EPOXY-Al coating, 
acquired after 2 days of immersion in 35 g l
-1
 NaCl solution: a) backscattered and b) secondary 
electron images. 
10 µm 
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a) 
 
b) 
 
c) 
 
d) 
Figure 5.39: a) – d) Composite FEG-SEM images showing cross-sections of the edge of 4 mm 
diameter GDOES crater on a specimen supporting the concentrated EPOXY-Al coating, acquired 
after two days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 5.40: FEG-SEM images of the edge of a 4 mm diameter GDOES crater on a specimen 
supporting the concentrated EPOXY-Al coating, acquired after 2 days of immersion in 35 g l
-1
 
NaCl solution: a) backscattered and b) secondary electron images. 
Remainder of coating 
Corrosion products 
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a) 
 
b) 
Figure 5.41: FEG-SEM images showing a mound of corrosion product at the base of a 4 mm 
diameter crater on a specimen supporting the concentrated EPOXY-Al coating, acquired after 2 
days of immersion in 35 g l
-1
 NaCl solution: a) backscattered and b) secondary electron images. 
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a) 
 
b) 
Figure 5.42: FEG-SEM images showing intergranular corrosion at the base of a 4 mm diameter 
GDOES crater on a specimen supporting the concentrated EPOXY-Al coating, acquired after 2 
days of immersion in 35 g l
-1
 NaCl solution; a) backscattered and b) secondary electron images. 
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a) 
 301 
 
b) 
Figure 5.43: FEG-SEM images presenting plan views of a 4 mm diameter GDOES crater on a 
specimen supporting the concentrated EPOXY-Al coating, acquired after two days of immersion in 
35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Area 4 
Element Weight% Atomic% 
C K 41.98 52.65 
O K 40.19 37.84 
Mg K 0.07 0.04 
Al K 0.33 0.18 
Si K 17.16 9.20 
Ar K 0.09 0.03 
Mn K -0.03 -0.01 
Cu K 0.22 0.05 
Totals 100.00  
c) 
Figure 5.44: a) Electron image showing an area of the concentrated EPOXY-Al coating close to a 4 
mm diameter GDOES crater (control – not immersed); b) EDX spectrum of the highlighted area, c) 
table of elemental abundances derived from the EDX spectrum. 
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a) 
 
b) 
Area 6 
Element Weight% Atomic% 
C K 43.26 53.85 
O K 39.76 37.15 
Mg K 0.03 0.02 
Al K 0.25 0.14 
Si K 16.58 8.82 
Ar K -0.03 -0.01 
Mn K 0.00 0.00 
Cu K 0.14 0.03 
Totals 100.00  
c) 
Figure 5.45: a) Electron image showing an area of the concentrated EPOXY-Al coating close to a 4 
mm diameter GDOES crater, acquired after two days of immersion in 35 g l-1 NaCl solution; b) 
EDX spectrum of the highlighted area, c) table of elemental abundances derived from the EDX 
spectrum. 
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a)                                                                 b) 
  
c)                                                                 d) 
Area 1 Area 2 Area 3 
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic% 
C K 41.98 52.65 C K 34.84 49.08 C K 4.69 9.42 
O K 40.19 37.84 O K 24.87 26.30 O K 20.29 30.64 
Mg K 0.07 0.04 Mg K 0.43 0.30 Mg K 0.53 0.53 
Al K 0.33 0.18 Al K 28.99 18.18 Al K 51.98 46.53 
Si K 17.16 9.20 Si K 9.56 5.76 Si K 0.36 0.31 
Ar K 0.09 0.03 Ar K 0.11 0.05 Ar K 18.35 11.10 
Mn K -0.03 -0.01 Mn K 0.11 0.03 Mn K 0.54 0.24 
Cu K 0.22 0.05 Cu K 1.08 0.29 Cu K 3.26 1.24 
Totals 100.00  Totals 100.00  Totals 100.00  
e) 
Figure 5.46: EDX analysis of three areas within a 4 mm diameter GDOES crater on a specimen 
supporting the concentrated EPOXY-Al coating (control – not immersed). 
 305 
 
a) 
 
b) 
 
c) 
 
d) 
Figure 5.47: a) – d) Composite FEG-SEM images presenting cross sectional views of a 4 mm 
diameter GDOES crater on a specimen supporting the EPOXY-Al20EtOH coating (control – not 
immersed). 
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a) 
 
b) 
 
10.1 ± 0.1 µm 
 307 
 
c) 
 
d) 
Figure 5.48: FEG-SEM images of a specimen supporting the EPOXY-Al20EtOH coating (control – 
not immersed): a) and c) backscattered; b) and d) secondary electron images. 
 
Detached coating 
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a) 
 
b) 
Figure 5.49: Composite FEG-SEM image presenting the edge of a 4 mm diameter GDOES crater 
on a specimen supporting the EPOXY-Al20EtOH coating (control – not immersed): a) 
backscattered and b) secondary electron images. 
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a) 
 
b) 
Figure 5.50: FEG-SEM images showing details of the edge of a 4 mm diameter GDOES crater on a 
specimen supporting the EPOXY-Al20EtOH coating, acquired after 2 days of immersion in 35 g l
-1
 
NaCl solution: a) backscattered and b) secondary electron images. 
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a) 
 
b) 
Figure 5.51: FEG-SEM images showing corrosion products on the base of a 4 mm diameter 
GDOES crater on a specimen supporting the EPOXY-Al20EtOH coating, acquired after 2 days of 
immersion in 35 g l
-1
 NaCl solution: a) backscattered and b) secondary electron images. 
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a) 
 
b) 
Area 1 
Element Weight% Atomic% 
C K 43.88 54.89 
O K 37.50 35.22 
Mg K 0.00 0.00 
Al K 0.13 0.07 
Si K 18.20 9.74 
Ar K 0.02 0.01 
Mn K 0.06 0.02 
Cu K 0.20 0.05 
Totals 100.00  
c) 
Figure 5.52: a) Electron image highlighting an area of the bulk surface of the EPOXY-Al20EtOH 
coating (control – not immersed); b) EDX spectrum acquired from the highlighted area, c) table of 
elemental abundances derived from the EDX spectrum. 
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a) 
 
b) 
Area 5 
Element Weight% Atomic% 
C K 39.46 49.99 
O K 42.07 40.02 
Mg K 0.01 0.00 
Al K 0.81 0.46 
Si K 17.42 9.44 
Ar K 0.16 0.07 
Mn K -0.01 0.00 
Cu K 0.03 0.01 
Totals 100.00  
c) 
Figure 5.53: a) Electron image highlighting an area of the bulk surface of the EPOXY-Al20EtOH 
coating, acquired after 2 days of immersion in 35 g l
-1
 NaCl solution; b) EDX spectrum of the 
highlighted area, c) table of elemental abundances derived from the EDX spectrum. 
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a) 
1 
4 
2 
3 
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b) 
Figure 5.54: FEG SEM images presenting plan views of a 4 mm GDOES crater on a specimen 
supporting the EPOXY-Al20EtOH coating (control – not immersed): a) backscattered and b) 
secondary electron images. 
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3
2
3
2
   
a)                                                          b) 
3
2
 
3
2
 
c)                                                          d) 
Area 1 Area 2 
Element Weight% Atomic% Element Weight% Atomic% 
C K 2.25 5.03 C K 40.57 53.59 
O K 0.60 1.00 O K 30.39 30.14 
Mg K 1.38 1.53 Mg K 0.04 0.02 
Al K 90.20 89.89 Al K 3.47 2.04 
Si K -0.14 -0.13 Si K 24.80 14.01 
Ar K 0.91 0.61 Ar K 0.07 0.03 
Mn K 0.62 0.30 Mn K 0.12 0.03 
Cu K 4.19 1.77 Cu K 0.55 0.14 
Totals 100.00  Totals 100.00  
e) 
Area 3 Area 4 
Element Weight% Atomic% Element Weight% Atomic% 
C K 7.14 17.40 C K 1.87 3.74 
O K 3.17 5.80 O K 18.49 27.73 
Mg K 1.18 1.42 Mg K 1.27 1.25 
Al K 54.59 59.20 Al K 72.47 64.43 
Si K 0.69 0.72 Si K 0.12 0.10 
Ar K 0.00 0.00 Ar K 2.42 1.45 
Mn K 2.21 1.18 Mn K 0.42 0.18 
Cu K 31.01 14.28 Cu K 2.94 1.11 
Totals 100.00  Totals 100.00  
f) 
Figure 5.55: a) – d) EDX spectra from the four areas highlighted in Figure 5.54a, representing 
features of a 4 mm GDOES crater on a specimen supporting the EPOXY-Al20EtOH coating 
(control – not immersed); e) and f) tables of elemental abundances derived from the EDX spectra. 
 
 
 
 
 316 
 
a) 
 317 
 
b) 
Figure 5.56: FEG SEM images presenting plan views of a 4 mm crater on a specimen supporting 
the EPOXY-Al20EtOH coating, acquired after 2 days of immersion in 35 g l
-1
 NaCl solution: a) 
backscattered and b) secondary electron images. 
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a)                                                          b) 
  
c)                                                          d) 
  
e)                                                          f) 
Area 1 Area 2 Area 3 
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic% 
C K 4.04 7.04 C K 3.08 6.59 C K 38.74 49.49 
O K 41.10 53.69 O K 6.15 9.90 O K 41.50 39.81 
Mg K 0.56 0.48 Mg K 1.30 1.38 Mg K 0.00 0.00 
Al K 46.71 36.18 Al K 83.39 79.51 Al K 0.10 0.06 
Si K 0.10 0.08 Si K -0.02 -0.01 Si K 19.21 10.49 
Cl.K 0.12 0.07 Cl.K 0.05 0.04 Cl.K 0.22 0.10 
Ar K 0.15 0.08 Ar K 0.54 0.35 Ar K -0.01 0.00 
Mn K 0.37 0.14 Mn K 0.41 0.19 Mn K 0.01 0.00 
Cu K 6.84 2.25 Cu K 5.08 2.06 Cu K 0.22 0.05 
Totals 100.00  Totals 100.00  Totals 100.00  
g) 
Area 4 Area 5 Area 6 
Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic% 
C K 1.59 2.60 C K 39.46 49.99 C K -7.97 -15.13 
O K 55.43 68.09 O K 42.07 40.02 O K 47.21 67.30 
Mg K 0.69 0.56 Mg K 0.01 0.00 Mg K 0.56 0.53 
Al K 33.25 24.22 Al K 0.81 0.46 Al K 48.19 40.73 
Si K 1.91 1.34 Si K 17.42 9.44 Si K -0.11 -0.09 
Cl.K 0.13 0.07 Cl.K 0.16 0.07 Cl.K 0.07 0.05 
Ar K 5.21 2.56 Ar K -0.01 0.00 Ar K 10.81 6.17 
Mn K 0.25 0.09 Mn K 0.03 0.01 Mn K 0.24 0.10 
Cu K 1.53 0.47 Cu K 0.05 0.01 Cu K 1.01 0.36 
Totals 100.00  Totals 100.00  Totals 100.00  
h) 
Figure 5.57: a) – f) EDX spectra acquired from the six areas indicated in Figure 5.56a, after 2 days 
of immersion in 35 g l
-1
 NaCl solution; g) and h) tables of elemental abundances derived from the 
EDX spectra. 
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Oxygen depth profiles obtained using the 4 mm source to sputter the bulk surface of AA2024 T3 
supporting the uninhibited GMT coating, before immersion.
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Figure 5.58: Oxygen depth profiles obtained using the 4 mm diameter source to sputter specimens 
supporting the EPOXY-Al30EtOH coating before immersion testing. 
 
Oxygen depth profiles obtained using the 4 mm source to sputter the bulk surface of AA2024 T3 
supporting the uninhibited GMT coating, after immersion in NaCl solution (various concentrations).
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Figure 5.59: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the bulk 
surface of specimens supporting the EPOXY-Al30EtOH coating after 2 days of immersion in 
sodium chloride solution (various concentrations). 
 
Oxygen depth profiles obtained using the 2 mm source to sputter inside the 4 mm craters on
AA2024 T3 supporting the uninhibited GMT coating, after immersion in NaCl (various 
concentrations).
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Figure 5.60: Oxygen depth profiles obtained using the 2 mm source to sputter inside the 4 mm 
diameter craters on specimens supporting the EPOXY-Al30EtOH coating after 2 days of 
immersion in sodium chloride solution (various concentrations). 
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a)                                                     b) 
  
c)                                                     d) 
 
e) 
Figure 5.61: Photographic images of a 4 mm GDOES crater on a specimen supporting the EPOXY-
Al30EtOH coating: a) before immersion; b) – e) after immersion tests. The concentration of sodium 
chloride used in the immersion test was b) 35 g l
-1
, c) 24 g l
-1
, d) 14 g l
-1
 and e) 3 g l
-1
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a)                                                                   b) 
  
c)                                                                   d) 
 
e) 
Figure 5.62: Optical micrographs of the bulk EPOXY-AL30EtOH coating: a) before immersion 
testing; b) – e) after 2 days of immersion. The concentration of sodium chloride used in the 
immersion test was b) 35 g l
-1
,c) 24 g l
-1
, d) 14 g l
-1
 and e) 3 g l
-1
. All images were obtained at a 
magnification factor of x 50. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 11a.
0
10
20
30
40
50
60
70
80
90
100
0 1 2 3 4 5 6 7 8 9 10
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
crater 1 (top)
crater 2 (middle)
crater 3 (bottom)
 
Figure 5.63: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 11a. Crater 1 was located within the upper 1/3 of the specimen area, crater 
2 in the middle 1/3 and crater 3 in the bottom 1/3. 
 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 11a.
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Figure 5.64: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 11a. Crater 1 was located within the upper 1/3 of the specimen area, crater 
2 in the middle 1/3 and crater 3 in the bottom 1/3. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 11a.
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Figure 5.65: Copper depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 11a. Crater 1 was located within the upper 1/3 of the specimen area, crater 
2 in the middle 1/3 and crater 3 in the bottom 1/3. 
 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 11a.
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Figure 5.66: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 11a. Crater 1 was located within the upper 1/3 of the specimen area, crater 
2 in the middle 1/3 and crater 3 in the bottom 1/3. 
 
 324 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
0
10
20
30
40
50
60
70
80
90
100
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 10a
cell 11a
cell 12a
cell 13a
cell 23a
control
 
b) 
Figure 5.67: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 10a – 13a and reference cell 23a; a) full 
profile, b) expanded to show the first 5 s of sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 5.68: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10a – 13a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 5.69: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10a – 13a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 5.70: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10a – 13a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 5.71: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10a – 13a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 12b.
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Figure 5.72: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 12b. 
 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 13b.
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Figure 5.73: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 13b. 
 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in artificial cell 23b(1).
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Figure 5.74: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the bare 
alloy from artificial cell 23b. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.75: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 11b - 13b and reference cell 23b: a) full 
profile; b) expanded to show the first 5 s of sputtering time. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 11b
cell 12b
cell 13b
cell 23b
control
 
b) 
Figure 5.76: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 11b - 13b and reference cell 23b: a) full profile; b) 
expanded to show the first 5 s of sputtering time. 
 
 332 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.77: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 11b - 13b and reference cell 23b: a) full profile; b) 
expanded to show the first 5 s of sputtering time. 
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.78: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 11b - 13b and reference cell 23b: a) full profile; b) 
expanded to show the first 5 s of sputtering time. 
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.79: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 11b - 13b and reference cell 23b: a) full profile; b) 
full profile with cell 13b omitted for clarity. 
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.80: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 10c – 13c and reference cell 23c: a) full 
profile; b) expanded to show the first 5 s of sputtering. 
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.81: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10c – 13c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.82: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10c – 13c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.83: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10c – 13c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.84: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 10c – 13c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 5.85: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 20a – 22a and reference cell 23a: a) full 
profile; b) expanded to show the first 5 s of sputtering. 
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
0
0.5
1
1.5
2
2.5
3
3.5
4
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 20a
cell 21a
cell 22a
cell 23a
control
 
b) 
Figure 5.86: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20a – 22a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3
used in the artificial cells (GMT series a).
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b) 
Figure 5.87: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20a – 22a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 5.88: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20a – 22a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 5.89: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20a – 22a and reference cell 23a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.90: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 20b – 22b and reference cell 23b: a) full 
profile (15 s); b) expanded to show the first 5 s of sputtering time. 
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.91: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20b – 22b and reference cell 23b: a) first 10 s of 
sputtering time; b) expanded to show the first 5 s of sputtering time. 
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.92: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20b – 22b and reference cell 23b: a) full profile; b) 
expanded to show the first 5 s of sputtering time, with cell 22b omitted for clarity. 
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 20b
cell 21b
cell 22b
cell 23b
control
 
b) 
Figure 5.93: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20b – 22b and reference cell 23b: a) full profile; b) 
expanded to show the first 5 s of sputtering time. 
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 5.94: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20b – 22b and reference cell 23b: a) full profile; b) 
expanded to show the first 5 s of sputtering time, with cell 22b omitted for clarity. 
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.95: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 20c – 22c and reference cell 23c: a) full 
profile; b) expanded to show the first 5 s of sputtering. 
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.96: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20c – 22c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.97: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20c – 22c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 5.98: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20c – 22c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
0
0.05
0.1
0.15
0.2
0.25
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 20c
cell 21c
cell 22c
cell 23c
control
 
b) 
Figure 5.99: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 20c – 22c and reference cell 23c: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Aluminum depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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Figure 5.100: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 10b, 11b and 13b and the corresponding reference specimens. 
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Figure 5.101: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 10b, 11b and 13b and the corresponding reference specimens. 
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Chlorine depth profiles obtained using the 4 mm source to sputter the coated specimens 
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Figure 5.102: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 10b, 11b and 13b and the corresponding reference specimens. 
 
 
Sodium depth profiles obtained using the 4 mm source to sputter the coated specimens from 
series b artificial cells
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Figure 5.103: Sodium depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 10b, 11b and 13b and the corresponding reference specimens. 
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Aluminum depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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Figure 5.104: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 20b, 21b and 22b and the corresponding reference specimens. 
 
 
Oxygen depth profiles obtained using the 4 mm source to sputter the coated specimens from 
series b artificial cells
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Figure 5.105: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 20b, 21b and 22b and the corresponding reference specimens. 
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Chlorine depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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a) 
Chlorine depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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b) 
Figure 5.106: a) Chlorine depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 20b and 21b and the corresponding reference specimens; b) 
The chlorine depth profiles obtained using the 4 mm source to sputter the coated specimen from 
cell 22b and the corresponding reference specimen. 
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Sodium depth profiles obtained using the 4 mm source to sputter the coated specimens from 
series b artificial cells
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a) 
Sodium depth profiles obtained using the 4 mm source to sputter the coated specimens from 
series b artificial cells
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b) 
Figure 5.107: a) Sodium depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 20b and 21b and the corresponding reference specimens; b) 
The sodium depth profiles obtained using the 4 mm source to sputter the coated specimen from cell 
22b and the corresponding reference specimen. 
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Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS and ICV series a) in which the coated specimens bore uninhibited sol-gel coatings.
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a) 
Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS and ICV series a) in which the coated specimens bore uninhibited sol-gel coatings.
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b) 
Figure 5.108: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a: a) full profile; 
b) expanded to show the first 5 s of sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a) in which the coated specimens bore uninhibited sol-gel coatings.
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a) in which the coated specimens bore uninhibited sol-gel coatings.
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b) 
Figure 5.109: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS and ICV series a).
0
2
4
6
8
10
12
0 1 2 3 4 5 6 7 8 9 10
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 35a cell 37a
cell 38a cell 51a
cell 54a control
 
a) 
Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS and ICV series a).
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b) 
Figure 5.110: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
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Chlorine depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series a) in which the coated specimens bore uninhibited sol-gel coatings.
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a) 
Chlorine depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series a) in which the coated specimens bore uninhibited sol-gel coatings.
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b) 
Figure 5.111: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a: a) full profile;b) 
expanded to show the first 5 s of sputtering. 
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Sodium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series a) in which the coated specimens bore uninhibited sol-gel coatings.
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a) 
Sodium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series a) in which the coated specimens bore uninhibited sol-gel coatings.
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b) 
Figure 5.112: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a: a) full profile; b) 
expanded to show the first 5 s of sputtering. 
 
 
 
 
 
 
 
 
 365 
Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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a) 
Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
0
10
20
30
40
50
60
70
80
90
0 5 10 15 20 25 30
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 35b
cell 37b
cell 38b
cell 42b
cell 51b
control
 
b) 
Figure 5.113: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 35b, 37b, 38b, 42b, 51b and 54b: a) full 
profile; b) expanded to show the first 30 s of sputtering, with cell 54b omitted for clarity. 
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Oxygen depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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a) 
Oxygen depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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b) 
Figure 5.114: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 35b, 37b, 38b, 42b, 51b and 54b: a) profiles 
obtained during the first 80 s of sputtering; b) expanded to show the first 30 s of sputtering, with 
cell 54b omitted for clarity. 
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Copper depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens bore uninhibited sol-gel coatings.
0
2
4
6
8
10
12
0 20 40 60 80 100 120 140 160 180
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 35b cell 37b
cell 38b cell 42b
cell 51b cell 54b
control
 
a)
Copper depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens bore uninhibited sol-gel coatings.
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b) 
Figure 5.115: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 35b, 37b, 38b, 42b, 51b and 54b: a) full profile; b) 
expanded to show the first 30 s of sputtering, with cell 54b omitted for clarity. 
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Chlorine depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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a) 
Chlorine depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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b) 
Figure 5.116: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 35b, 37b, 38b, 42b, 51b and 54b: a) full 
profile; b) expanded to show the first 30 s of sputtering, with cell 54b omitted for clarity. 
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Sodium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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a) 
Sodium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial cells 
(EADS series b) in which the coated specimens supported uninhibited sol-gel coatings.
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b) 
Figure 5.117: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 35b, 37b, 38b, 42b, 51b and 54b: a) full profile; b) 
expanded to show the first 30 s of sputtering. 
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a)                      b)                     c)                       d)                     e) 
    
f)                      g)                      h)                      i) 
Figure 5.118: Photographic images of a) the control specimen and b - i) the bare alloy from 
artificial cells 10a – 13a and 20a – 23a; b) cell 10a, c) cell 11a, d) cell 12a, e) cell 13a, f) cell 20a, g) 
cell 21a, h) cell 22a, i) cell 23a. 
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a)                      b)                      c)                      d)                     e) 
    
f)                       g)                      h)                      i) 
Figure 5.119: Photographic images of a) the control specimen and b - i) the bare alloy from 
artificial cells 10b – 13b and 20b – 23b; b) cell 10b, c) cell 11b, d) cell 12b, e) cell 13b, f) cell 20b, g) 
cell 21b, h) cell 22b, i) cell 23b. The arrows point to areas of intense localised corrosion. 
 372 
     
a)                      b)                      c)                      d)                     e) 
    
f)                       g)                      h)                     i) 
Figure 5.120: Photographic images of a) the control specimen and b - i) the bare alloy from 
artificial cells 10c – 13c and 20c – 23c; b) cell 10c, c) cell 11c, d) cell 12c, e) cell 13c, f) cell 20c, g) cell 
21c, h) cell 22c, i) cell 23c. The arrows point to areas of intense localised corrosion. The black 
rectangle in f) highlights the border between areas of differentially discoloured matrix. 
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a)                          b)                       c)                          d)                         e) 
  
f)                          g) 
Figure 5.121: Photographic images of a) the control specimen and b - g) the bare alloy from the 
series a artificial cells; b) cell 35a, c) cell 37a, d) cell 38a, e) cell 42a, f) cell 51a, g) cell 54a. 
 
 374 
     
a)                          b)                        c)                         d)                         e) 
  
f)                          g) 
Figure 5.122: Photographic images of a) the control specimen and b - g) the bare alloy from the 
series b artificial cells; b) cell 35b, c) cell 37b, d) cell 38b, e) cell 42b, f) cell 51b, g) cell 54b. 
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a)                        b)                         c)                        d) 
  
e)                        f)                          g)                        h) 
Figure 5.123: Photographic images of the coated specimens before and after use in artificial cells 
10b – 13b: a) 10b, before; b) 10b, after, c) 11b, before, d) 11b, after, e) 12b, before, f) 12, after, g) 
13b, before, h) 13b, after.
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a)                        b)                         c)                         d) 
 
e)                         f) 
Figure 5.124: Photographic images of the coated specimens before and after use in artificial cells 
20b – 22b: a) 20b, before; b) 20b, after, c) 21b, before, d) 21b, after, e) 22b, before, f) 22b, after. 
 
 
 
 
 377 
 
a) 
 
b) 
Figure 5.125: Optical micrographs of the bare alloy, acquired at a magnification factor of x 80: a) 
the control specimen; b) the bare alloy from reference cell 23a. 
Second phase 
particles 
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a) 
 
b) 
Figure 5.126: Optical micrographs, acquired at a magnification factor of x 80, of the bare alloy 
from a) artificial cell 10a and b) artificial cell 11a. 
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a) 
 
b) 
Figure 5.127: Optical micrographs, acquired at a magnification factor of x 80, of the bare alloy 
from a) artificial cell 12a and b) artificial cell 13a. 
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a) 
 
b) 
 
c) 
Figure 5.128: Optical micrographs, acquired at a magnification factor of x 80, of the bare alloy 
from a) artificial cell 20a, b) artificial cell 21a, c) artificial cell 22a. 
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a) 
 
b) 
Figure 5.129: Optical micrographs of the bare alloy from artificial cell 35a: a) magnification factor 
x 20; b) magnification factor x 80. 
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a) 
 
b) 
Figure 5.130: Optical micrographs of the bare alloy from artificial cell 37a: a) magnification factor 
x 20, b) magnification factor x 80. 
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a) 
 
b) 
Figure 5.131: Optical micrographs of the bare alloy from artificial cell 38a: a) magnification factor 
x 20; b) magnification factor x 80. 
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a) 
 
b) 
Figure 5.132: Optical micrographs of the bare alloy from artificial cell 51a: a) magnification factor 
x 20; b) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                  d) 
 
e) 
Figure 5.133: Optical micrographs of the bare alloy from artificial cell 11b: a) magnification factor 
x 5; b) and c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.134: Optical micrographs of the bare alloy from artificial cell 12b: a) magnification factor 
x 5; b) and c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.135: Optical micrographs of the bare alloy from artificial cell 13b: a) magnification factor 
x 5; b) and c) magnification factor x 20, d) - f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.136: Optical micrographs of the bare alloy from artificial cell 20b: a) magnification factor 
x 5; b) and c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
 
g) 
Figure 5.137: Optical micrographs of the bare alloy from artificial cell 21b: a) and b) magnification 
factor x 5; c) and d) magnification factor x 20, e) - g) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.138: Optical micrographs of the bare alloy from artificial cell 22b: a) and b) magnification 
factor x 5; c) and d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.139: Optical micrographs of the bare alloy from artificial cell 35b: a) magnification factor 
x 5; b) and c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.140: Optical micrographs of the bare alloy from artificial cell 37b: a) magnification factor 
x 5; b) and c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                              b) 
  
c)                                                                              d) 
  
e) 
Figure 5.141: Optical micrographs of the bare alloy from artificial cell 38b: a) and b) magnification 
factor x 5; c) and d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.142: Optical micrographs of the bare alloy from artificial cell 42b: a) and b) magnification 
factor x 5; c) and d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.143: Optical micrographs of the bare alloy from artificial cell 51b: a) and b) magnification 
factor x 5; c) magnification factor x 20, d) - f) magnification factor x 80. 
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a)                                                                b) 
  
c)                                                                d) 
  
e)                                                                 f) 
Figure 5.144: Optical micrographs of a specimen supporting the EPOXY-Al10EtOH coating a), c) 
and e) before, b), d) and f) after use in artificial cell 11b: a) and b) magnification factor x 5, c) and 
d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.145: Optical micrographs of a specimen supporting the EPOXY-Al20EtOH coating, a), c) 
and e) before, b), d) and f) after use in artificial cell 12b: a) and b) magnification factor x 5; c) and 
d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.146: Optical micrographs of a specimen supporting the EPOXY-Al30EtOH coating, a), c) 
and e) before, b), d) and f) after use in artificial cell 13b: a) and b) magnification factor x 5; c) and 
d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.147: Optical micrographs of a specimen supporting the EPOXY-Al10AluOx coating, a), c) 
and e) before, b), d) and f) after use in artificial cell 20b: a) and b) magnification factor x 5; c) and 
d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.148: Optical micrographs of a specimen supporting the EPOXY-Al20AluOx coating, a), c) 
and e) before, b), d) and f) after use in artificial cell 21b: a) and b) magnification factor x 5; c) and 
d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.149: Optical micrographs of a specimen supporting the EPOXY-Al30AluOx coating, a), c) 
and e) before, b), d) and f) after use in artificial cell 22b: a) and b) magnification factor x 5; c) and 
d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.150: Optical micrographs of the bare alloy from artificial cell 10c: a) and b) magnification 
factor x 5; c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.151: Optical micrographs of the bare alloy from artificial cell 11c: a) and b) magnification 
factor x 5; c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.152: Optical micrographs of the bare alloy from artificial cell 12c: a) and b) magnification 
factor x 5; c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
 
e) 
Figure 5.153: Optical micrographs of the bare alloy from artificial cell 13c: a) and b) magnification 
factor x 5; c) magnification factor x 20, d) and e) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
Figure 5.154: Optical micrographs of the bare alloy from artificial cell 20c: a) magnification factor 
x 5; b) magnification factor x 20, c) and d) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
 
g) 
Figure 5.155: Optical micrographs of the bare alloy from artificial cell 21c: a) magnification factor 
x 5; b) magnification factor x 20, c) and d) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 5.156: Optical micrographs of the bare alloy from artificial cell 22c: a) and b) magnification 
factor x 5; c) and d) magnification factor x 20, e) and f) magnification factor x 80. 
 409 
6 Non-Inhibited Sol-Gel Coating on DC01 Steel 
INM supplied specimens of DC01 steel which had been dip coated with a two layer 
EOXY-Fe sol-gel system as described in Chapter 3. Specimens supporting the non-
inhibited EPOXY-FE coating were supplied along with specimens of uncoated DC01 
steel. 
 
6.1 DC01, uncoated: elemental depth profiling and immersion testing 
Three uncoated specimens, of dimensions 100 x 50 mm, were used in the GDOES 
profiling/immersion test study. These are referred to as DC01 uncoated, plates 1 – 3. 
Plate 1 was used as a control specimen, not to be subjected to immersion testing. 
Elemental depth profiles of the control specimen were obtained using both the 2 mm 
diameter source and the 4 mm diameter source. 
Six GDOES craters (4 mm diameter) were generated in plates 2 and 3 before immersion 
testing, giving a total defect area of 75 mm
2
 on an overall specimen area of 5000 mm
2
. 
Plate 2 was immersed for two days in a vertical orientation in a beaker containing 250 
ml of 35 g l
-1
 NaCl solution. Plate 3 was immersed in a horizontal position, with the 
craters facing upwards, for 2 days in a bath containing 250 ml of 35 g l
-1
 NaCl solution. 
 
6.1.1 Elemental depth profile, before immersion testing 
6.1.1.1 Using the 4 mm diameter source 
The elemental depth profile obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel before immersion is presented in Figure 6.1. Multiplication factors 
have been applied to the following signals for improved clarity: oxygen (x10), 
phosphorus (x300), sulphur (x200), cerium (x300), molybdenum (x200) and nitrogen 
(x10). The elements phosphorus, sulphur, cerium, molybdenum and nitrogen are 
included for comparison with the elemental depth profiles obtained by sputtering the 
specimens supporting inhibitor-doped coatings, to be discussed in later chapters. 
 
Iron The iron signal (dark blue profile, Figure 6.1) rises sharply and smoothly to reach 
an intensity of 100 arbitrary units after 2 s of sputtering, then continues to increase 
gradually to reach a maximum intensity of 110 arbitrary units after a further 8 s of 
sputtering time. 
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Oxygen The oxygen signal (pink profile, Figure 6.1) increases to a maximum intensity 
of 8.4 (84/10) arbitrary units during the first 0.4 s of sputtering, then decreases to reach 
one half of the peak intensity after a total sputtering time of 0.7 s. This may represent a 
thin surface film of iron oxide or adsorbed atmospheric oxygen and/or moisture. 
 
Phosphorus and sulphur The phosphorus signal (light green profile, Figure 6.1) 
reaches a peak intensity of 0.23 (68/300) after 0.35 s of sputtering, while sulphur (light 
blue profile) reaches a peak intensity of 0.26 (51/200) after 0.5 s. This indicates distinct 
depth-distributions of phosphorus and sulphur present in trace amounts in the uncoated 
DC01 steel. The intensities fall to baseline levels within 2 s of total sputtering time, 
indicating that these elements are present only in the near-surface layer and may 
represent adsorption of atmospheric pollutants. 
 
Hydrogen Hydrogen is also found in the near-surface layer, reaching a peak intensity of 
0.3 (30/100) arbitrary units after 0.45 s, possibly representing adsorbed atmospheric 
moisture (medium blue profile, Figure 6.1). 
 
Calcium, cerium, molybdenum and nitrogen Signals due to these elements display 
baseline intensities of 0.04 (13/300), 0.035 (7/200) and 0.8 (8/10) arbitrary units, 
respectively. 
 
6.1.1.2 Using the 2 mm diameter source 
The elemental depth profile obtained using the 2 mm diameter source to sputter the bulk 
surface of the control specimen (uncoated DC01 steel, non-corroded) is presented in 
Figure 6.2. 
 
Iron At the initiation of sputtering, the iron signal increases to a peak intensity of 63 
arbitrary units after 0.7 s of sputtering time. The signal intensity then drops to 62 units 
before increasing again, to level off at a maximum intensity of 64 units after a total 
sputtering time of 2.2 s. Thus, the maximum intensity of the iron signal obtained using 
the 2 mm source is approximately 0.6 times that observed when using the 4 mm source. 
 
Oxygen During sputtering, the oxygen signal increased to a peak intensity of 1.8 (18/10) 
arbitrary units after 0.35 s of sputtering, before decreasing to return to one-half of the 
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peak intensity after a total sputtering time of 0.65 s. Thus, the peak oxygen intensity 
obtained using the 2 mm diameter source was 0.2 times that observed using the 4 mm 
diameter source. However, the sputtering time required to reduce the oxygen signal to 
one-half the peak intensity is similar for both sources, suggesting that different relative 
amounts of oxygen have been sampled. Here we are sampling different areas of the 
same specimen, so a variation in the thickness and/or roughness of the surface film may 
be indicated. 
 
Phosphorus and sulphur The peak intensity of phosphorus obtained using the 2 mm 
diameter source is 0.2 (59/300) at 0.35 s of sputtering time. This is comparable with the 
peak intensity observed using the 4 mm diameter source, which may suggest that we are 
close to the limit of sensitivity for phosphorus (i.e. only a trace amount is present). 
The peak intensity of sulphur is 0.12 (23/200) at 0.4 s of sputtering time. This is 
measurably less than the peak intensity observed using the 4 mm source, as would be 
expected. Thus, a small but not insignificant amount of sulphur is present. 
 
Nitrogen The peak intensity of nitrogen obtained using the 2 mm diameter source was 6 
x10
-3
 (0.6/100) arbitrary units, which is significantly less than that observed using the 4 
mm diameter source. This probably represents baseline intensity, i.e. no nitrogen was 
detected in the control specimen. It must be stressed that different specimens are being 
compared and the amount of atmospheric nitrogen absorbed is likely to differ 
appreciably from one specimen to another. 
 
6.1.2 Elemental depth profile, after immersion testing 
6.1.2.1 Using the 4 mm diameter source 
Figure 6.3 presents the elemental depth profile obtained by sputtering the bulk surface 
of the uncoated DC01 steel using the 4 mm diameter source after the immersion test. 
 
Iron The initial increase in the iron signal is more gradual than before immersion, 
reaching a maximum intensity of 105 arbitrary units after a total sputtering time of 9 s. 
Thus, the sharp, near-vertical rise in the iron signal obtained before immersion is 
replaced by a gentle curve. This indicates that the film of iron oxide and/or adsorbed 
atmospheric pollutants present before immersion has been replaced by corrosion 
products, leading to increased surface roughness. 
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Oxygen The oxygen signal increases sharply to a peak intensity of 10 (100/10) arbitrary 
units during the first 0.35 s, then decreases to reach one half of its peak intensity after a 
total sputtering time of 1.2 s. Thus, the thickness of corrosion products on the bulk 
surface after immersion is approximately twice that of the surface film observed before 
immersion. 
 
Nitrogen The peak intensity of the nitrogen signal has increased from approximately 0.8 
(8/10) before immersion to 1.8 (18/10) after immersion. This suggests either a source of 
nitrogen in the sodium chloride solution used in the immersion test, or enhanced 
adsorption of atmospheric nitrogen by the corroded surface layer after the immersion 
test. 
 
Phosphorus and sulphur The peak intensities of phosphorus and sulphur are 
significantly reduced after immersion, suggesting that the atmospheric pollutants 
present on the surface before immersion may have leached into the solution. 
 
Cerium and molybdenum Signals for these elements were at baseline intensity before 
immersion (since they are not present in the steel composition) and are unchanged after 
immersion, as they are not present as impurities in the sodium chloride solution or as 
atmospheric pollutants. 
 
6.1.2.2 Using the 2 mm diameter source 
The elemental depth profile obtained by using the 2 mm diameter source to sputter 
inside the 4 mm diameter crater after immersion is presented in Figure 6.4.  
 
Iron The iron signal (dark blue profile, Figure 6.4) rises gradually to a maximum 
intensity of 47.7 after 14 s of sputtering time. Note that 90% of the peak intensity is 
reached after a sputtering time of only 3 s. This represents a considerably sharper rise 
than that of the iron signal obtained when using the 2 mm diameter source to sputter the 
bulk surface of the specimen. This indicates significantly less surface roughening has 
occurred at the base of the crater than on the bulk surface during immersion.  
 
Oxygen The oxygen signal (pink profile, Figure 6.4) rises to a peak intensity of 2.7 
(27/10) after 0.5 s, then falls to reach one half of its peak value after a total sputtering 
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time of 1.2 s. Thus, the layer of corrosion products formed during immersion is thicker 
inside the crater than on the bulk surface. 
 
Phosphorus and sulphur The phosphorus signal (light green profile, Figure 6.4) 
reaches a peak intensity of 0.18 (54/300), while the sulphur signal (light blue profile) 
reaches a peak intensity of 0.29 (58/200), after 0.35 s of sputtering time. Broadening of 
the phosphorus and sulphur signals is evident after immersion (Figure 6.4, compared 
with Figure 6.3). Thus, there is no significant change in the amount of phosphorus 
sampled before and after immersion, but there is a significant increase in the amount of 
sulphur. 
 
Nitrogen The nitrogen signal reaches a peak intensity of 5 x 10
-2
 (5.3/100), compared 
with 6 x 10
-3
 on the bulk surface of the control specimen (not immersed). Note that 
sputtering the bulk surface of the same test specimen using the 4 mm source before and 
after immersion also indicated an increase in the nitrogen intensity after immersion, so 
this result is assumed to represent an actual increase in nitrogen inside the crater (not 
simply due to comparison of different specimens). 
 
6.1.3 DC01, uncoated: summary and conclusions 
GDOES profiling suggested the presence of a thin film of iron oxide, adsorbed 
atmospheric oxygen, moisture and sulphur-containing pollutants on the surface of the 
uncoated DC01 steel before the immersion test. This film may vary in thickness across 
the specimen surface area. Adsorbed atmospheric nitrogen may also be present, but the 
relative amount may vary considerably from one specimen to another. 
Although the contributions made to the oxygen, nitrogen or sulphur signals by each of 
these sources are not readily separated, the layer of adsorbed atmospheric pollutants is 
expected to be relatively thin (possibly a monolayer) and will therefore only contribute 
during the initial stages of sputtering. Note that each profile generally displays a 
shoulder at approximately 0.5 – 0.6 s of sputtering time (e.g. Figure 6.3b), suggesting 
that the first 0.5 s represents sampling of the adsorbed layer. 
The maximum intensity of the iron signal obtained using the 2 mm source is 
approximately 0.6 times that observed when using the 4 mm source, while the peak 
oxygen intensity obtained using the 2 mm source is 0.2 times that observed using the 4 
mm source. 
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After the immersion test, the thin surface film described above has been replaced by a 
thicker layer of corrosion products with a significant relative amount of nitrogen. This is 
due either to the presence of nitrogen-containing impurities in the immersion solution or 
to enhanced adsorption of atmospheric nitrogen by the corrosion products. 
There is some indication that sulphur-containing species (adsorbed atmospheric 
pollutants) may leach from the surface film into the solution during the immersion test. 
This observation may need to be taken into consideration when discussing the possible 
leaching of sulphur-containing inhibitor species (Chapter 9); however, there is some 
evidence to suggest that the thin film containing these impurities is removed by surface 
pre-treatment before application of the coatings (Section 6.2). 
Baseline amounts of cerium and molybdenum are detected both before and after 
immersion, so that an assessment of the leaching behaviour of cerium- and 
molybdenum-containing inhibitors (Chapters 8 and 9) should be relatively straight 
forward. 
The thickness of corrosion products sampled on the uncoated DC01 steel after the 
immersion test is greater on the bulk surface of the specimen than inside the 4 mm 
GDOES crater. Nevertheless, the thickness of the layer of corrosion products inside the 
4 mm crater is greater than that of the thin film observed before the immersion test. A 
significant amount of nitrogen is sampled in the corrosion products inside the 4 mm 
crater. 
 
6.2 Non-inhibited EPOXY-Fe coating on DC01 steel 
Six GDOES craters (4 mm diameter) were generated in a specimen of the DC01 steel of 
dimensions 100 x 50 mm supporting the non-inhibited EPOXY-FE coating, giving a 
defect area of 75 mm
2
 on an overall specimen area of 5000 mm
2
. The specimen was 
then immersed for two days in a vertical orientation in a beaker containing 250 ml of 35 
g l
-1
 NaCl solution. 
 
6.2.1 Elemental depth profile, before immersion testing 
6.2.1.1 Using the 4 mm diameter source 
The elemental depth profile obtained using the 4 mm diameter source to sputter the 
DC01 steel supporting the non-inhibited EPOXY-FE coating is presented in Figure 6.5. 
The iron, silicon and oxygen profiles are presented in Figure 6.5a, while the remaining 
elements are presented in Figure 6.5b. The parameter Fi, which indicates plasma 
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stability during GDOES sputtering, is also included. Multiplication factors have been 
applied to some of the elements for improved clarity. 
 
Silicon Ignoring the initial spike in the profile, due to plasma initiation, the silicon 
signal (green profile, Figure 6.5a) maintains an intensity of 2.1 (21/10) arbitrary units 
during the first 117 s of sputtering. This represents sampling of the bulk EPOXY-Fe 
coating. With continued sputtering, the coating/substrate interface is sampled and the 
silicon signal decreases to a baseline intensity after a total sputtering time of 190 s. 
 
Oxygen The oxygen profile is broadly similar to the silicon profile, with a plateau at an 
intensity of 7 (70/10) arbitrary units during the first 119 s of sputtering (pink profile, 
Figure 6.5a). The oxygen signal decreases as the coating/substrate interface is 
approached, reaching one-half of its peak value after a total sputtering time of 147 s. 
 
Iron After 108 s of sputtering, the iron signal begins to increase from a baseline level to 
reach a maximum intensity of 150 arbitrary units after a total sputtering time of 
approximately 280 s (dark blue profile, Figure 6.5a). The iron signal reaches 90% of the 
maximum intensity after 184 s of sputtering. 
 
Cerium The intensity of the cerium signal is 0.16 (47/300) when the coating is being 
sampled, and 0.11 (32/300) when the substrate is being sampled (purple profile, Figure 
6.5b). The change in intensity of cerium across the coating/substrate interface is likely 
to represent a change in sputtering rate rather than an actual difference in cerium content 
between the coating and the substrate. This change in sputtering rate is indicated by a 
minor decrease in the intensity of the parameter Fi across the coating/substrate interface 
(grey signal, Figure 6.5b). 
Nevertheless, a comparison of Figure 6.5b with Figure 6.1 demonstrates that the 
intensity of the cerium signal for the coated specimen is three to four times that for the 
uncoated DC01 steel, although no inhibitor has been added. 
 
Phosphorus, sulphur and molybdenum The phosphorus, sulphur and molybdenum 
signals are also enhanced in the coating compared with the uncoated steel. Possibly 
these elements were present as impurities in one of more of the reagents used to prepare 
the coating. 
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Nitrogen The nitrogen signal remains at an intensity of 0.1 – 0.4 throughout the 
sputtering time for the specimen supporting the non-inhibited EPOXY-Fe coating, 
compared with an intensity of approximately 0.8 for the uncoated DC01 steel. This 
indicates removal of adsorbed atmospheric nitrogen during surface pre-treatment before 
application of the coating (otherwise there would be a nitrogen peak near the coating-
substrate interface) and minimal adsorption of nitrogen by the coating. 
 
6.2.1.2 Using the 2 mm diameter source 
The elemental depth profiles obtained using the 2 mm diameter source to sputter the 
bulk surface of the reference specimen are presented in Figures 6.6a and b. The change 
in sputtering conditions at the coating/substrate interface is more pronounced when the 
2 mm diameter source is used, compared with the 4 mm diameter source. In Figure 
6.6b, this is represented by a kink in the plasma parameter Fi (grey profile) at 54 s of 
sputtering time. 
 
Silicon Ignoring the initial spike, the silicon signal (dark green profile, Figure 6.6a) 
maintains an intensity of 0.2 (2/10) during the first 90 s of sputtering, as the bulk 
coating is sampled. The silicon signal then falls to level off again at 0.05 (0.5/10) 
arbitrary units between 111 s and 170 s as the coating/substrate interface is sampled. 
Finally, the silicon signal falls to a baseline intensity of 0.01 as the bulk substrate is 
sampled, after a total sputtering time of approximately 225 s. 
 
Oxygen The oxygen signal (pink profile, Figure 6.6a) maintains an intensity of 1.2 
(12/10) arbitrary units for the first 88 s of sputtering, falling to a second plateau at 0.5 
(5/10) arbitrary units between 113 s and 168 s of sputtering, then falling again to an 
intensity of 0.38 (3.8/10) arbitrary units. Note that the oxygen signal is reduced to one-
half the peak intensity after 109 s of sputtering time. 
 
Iron The iron signal (dark blue profile, Figure 6.6a) begins to increase after 70 s of 
sputtering, from baseline intensity to an intensity of 28 arbitrary units after 
approximately 150 s of sputtering time. The iron intensity then levels off for 
approximately 30s before increasing again, to reach a maximum intensity of 43 after a 
total sputtering time of approximately 230 s. 
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Hydrogen The hydrogen intensity is 0.45 (4.5/10) when the bulk coating is being 
sampled, falling to 0.32 (3.2/10) when the coating/substrate interface is being sampled. 
This represents hydrogen in the chemical constitution of the sol-gel coating. The 
hydrogen intensity falls to baseline intensity when the bulk substrate is sampled. 
 
Cerium and molybdenum The cerium and molybdenum signals maintain intensities of 
0.09 and 0.02 respectively. This indicates baseline amounts of these elements, below the 
level of sensitivity for detection using the 2 mm diameter source. 
 
Other elements The intensities of the trace elements sampled when sputtering the bulk 
surface of the control specimen using the 2 mm diameter source are given, along with 
the intensities obtained when using the 2 mm diameter source to sputter inside a 4 mm 
diameter crater after the immersion test, in Table 6.1 (Section 6.2.2.2): 
 
6.2.2 Elemental depth profiles, after immersion 
6.2.2.1 Bulk surface, using the 2mm diameter source 
After two days of immersion, the bulk surface of the DC01 steel supporting the 
uninhibited EPOXY-Fe coating was sputtered using the 2 mm diameter source to give 
the elemental depth profile presented in Figure 6.7. 
 
Silicon Ignoring the initial spike, the silicon signal (dark green profile, Figure 6.7a) 
maintains an intensity of 0.16 (1.6/10) during the first 80 s of sputtering. The intensity 
then dips before rising again to a peak of 0.17 (1.7/10) as the coating/substrate interface 
is sampled. After a sputtering time of 130, the silicon signal falls to baseline intensity as 
the bulk substrate is sampled. 
 
Oxygen The oxygen signal (pink profile, Figure 6.7a) is similar to the silicon signal, 
with a peak intensity of 1.0 – 1.2 (10/10 – 12/10) arbitrary units during the first 78 s of 
sputtering, then a dip followed by a second peak at the coating/substrate interface. The 
oxygen signal is reduced to one-half of the peak intensity after a total sputtering time of 
145s, compared with 109 s when sputtering the control specimen. 
The elemental depth profiles of the control specimen and the test specimen obtained 
before immersion indicated similar coating thicknesses. Thus, the longer sputtering time 
required to reduce the oxygen signal to one-half of the peak intensity when sputtering 
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the test specimen after immersion suggests a significant increase in material thickness. 
Further, it is noted that the irregularities in the oxygen, iron and silicon signals near the 
coating/substrate interface are more pronounced in the test specimen after immersion. 
These observations suggest that corrosion is propagating beneath the coating, with the 
increased thickness being due to the formation of a blister of iron oxide. 
 
Iron The iron signal (dark blue profile, Figure 6.7a) begins to increase after 66 s of 
sputtering, to reach an intensity of 10 arbitrary units after a further 30 s of sputtering. 
The signal then dips in intensity as the coating/substrate interface is sampled, before 
beginning to increase again after a further 23 s, to reach a maximum intensity of 45 
arbitrary units after a total sputtering time of 200 s. The dip in iron intensity at the 
interface coincides with a peak in the oxygen signal, which fits with the suggested 
interpretation that a blister of iron oxide has formed at the interface. 
 
Other elements The intensities of the elements cerium, nitrogen, phosphorus, sulphur 
and molybdenum obtained when sputtering the bulk surface of the DC01 steel 
supporting the non-inhibited EPOXY-Fe coating reveal no measurable change after the 
immersion test (Figure 6.7b). 
 
6.2.2.2 Inside the 4 mm diameter craters, using the 2mm diameter source 
The elemental depth profile obtained using the 2 mm diameter source to sputter inside 
the 4 mm diameter crater after the immersion test is presented in Figure 6.8. Note the 
change in scale compared with the profiles obtained before immersion, due to the much 
shorter sputtering time required to reach the substrate. 
 
Iron The iron signal (dark blue profile, Figure 6.8a) increases smoothly to reach a 
maximum intensity of 52 arbitrary units after 2.9 s of sputtering time. This is 
comparable with the profile obtained for the uncoated DC01 steel before immersion, 
suggesting a comparable intensity of corrosion of the exposed substrate. 
 
Oxygen The oxygen signal (pink profile, Figure 6.8a) increases to a peak intensity of 
3.3 (33/10) arbitrary units after 0.35 s of sputtering, then decreases to reach one-half of 
the peak intensity after a total sputtering time of 0.65 s. This is comparable with the 
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oxygen profile obtained by sputtering inside the 4 mm diameter crater on the uncoated 
DC01 steel after immersion under the same conditions. 
 
Cerium and molybdenum The cerium and molybdenum signals display baseline 
intensities of 0.09 and 0.02 throughout the sputtering time, as expected for a crater in 
the non-inhibited coating. 
 
Other elements In Table 6.1, the peak intensities of the trace elements sampled using 
the 2 mm source to sputter inside a 4 mm crater on the specimen supporting the non-
inhibited EPOXY-Fe coating are compared with those obtained using the 2 mm 
diameter source to sputter inside a 4 mm crater on the uncoated DC01 steel after 
immersion, and with those obtained using the 2 mm source to sputter the bulk surface of 
the control specimen. 
 
Table 6.2: Peak intensities of trace elements sampled using the 2 mm diameter source to 
sputter the bulk surface and the base of a 4 mm diameter GDOES crater on various 
DC01 steel specimens. 
 DC01 EPOXY-Fe 
(immersed, 4 mm crater) 
DC01, uncoated 
(immersed, 4 mm crater) 
DC01 EPOXY-Fe 
(control, bulk) 
Phosphorus 0.10 0.18 0.06 
Sulphur 0.10 0.29 0.04 
Nitrogen 0.03 0.05 0.02 
 
6.2.3 Non-inhibited EPOXY-Fe coating on DC01 steel: summary and conclusions 
A change in the intensity of the cerium signal is observed at the coating/substrate 
interface during GDOES sputtering. This is likely to represent a change in the sputtering 
rate, rather than a change in the relative amount of cerium being sampled. The relative 
amount of cerium (and molybdenum) present in the non-inhibited coating is below the 
level of sensitivity for detection when the 2 mm diameter source is used. 
The phosphorus, sulphur and molybdenum signals are moderately enhanced in the 
coating compared with the uncoated steel. These small differences are detectable using 
the 2 mm diameter source and may indicate that these are present as impurities in the 
coating. 
The elemental depth profiles obtained after the immersion test provide evidence that 
corrosion is propagating beneath the coating. Specifically, an increased thickness of 
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material is sampled, with increased relative amounts of oxygen and iron, at the 
coating/substrate interface, suggesting the presence of a blister of iron oxide. 
The intensities of the elements cerium, nitrogen, phosphorus, sulphur and molybdenum 
obtained when sputtering the bulk surface of the DC01 steel supporting the non-
inhibited EPOXY-Fe coating reveal no measurable change after the immersion test. 
Thus, detection of inhibitor species containing these elements should be relatively 
uncomplicated, at least where the bulk coatings are concerned (Chapters 7 – 9). 
Using the 2 mm diameter source to sputter the exposed substrate inside the 4 mm 
diameter crater in the non-inhibited coating after the immersion test reveals a thickness 
and intensity of corrosion comparable with the 4 mm diameter crater in the uncoated 
DC01 specimen after immersion under the same conditions. 
The cerium and molybdenum signals display baseline intensities of 0.09 and 0.02 
throughout the sputtering time, as expected for a crater in the non-inhibited coating. 
Less sulphur is detected inside the 4 mm diameter crater in the coated specimen than in 
the uncoated specimen after immersion. This can be understood if the sulphur was 
derived from atmospheric pollutants adsorbed by the uncoated specimen. The 
contaminated surface film may have been completely removed during surface pre-
treatment before application of the coating. This observation may be helpful in 
assessing the leaching behaviour of sulphur-containing inhibitors (Chapter 9). 
 
6.3 Characterisation 
6.3.1 Visual inspection 
The photographic images in Figures 6.9 and 6.10 reveal the effects of the different 
immersion orientations. The bulk surface of plate 2, after two days of vertical 
immersion, is discoloured in a graded fashion due to gravity effects (Figure 6.9b). After 
immersion, the GDOES craters on the upper half of the specimen (Figure 6.9d-f) show 
little discolouration compared with the crater before immersion (Figure 6.9c). The 
craters in the lower half of the specimen (Figure 6.9b) appear progressively dulled. 
Corrosion is expected to be more active near the top of the specimen, due to availability 
of oxygen, so it might be assumed that Fe
2+
 and Fe
3+
 ions going into solution here are 
transported downwards (by gravity and convection) before depositing on the specimen 
surface as iron oxides. An alternative interpretation might involve the presence of 
localized anodic and cathodic areas; dissolution of iron (corrosion) occurs at the local 
anodes and deposition of rust occurs at the local cathodes. 
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The bulk surface of plate 3 is seen to be evenly and strongly discoloured after two days 
of immersion in a horizontal orientation (Figure 6.10b). All of the craters retain their 
metallic lustre, possibly due to reduced oxygen levels for the solution inside the 
horizontally oriented craters. Thus, although vertical immersion results in a graded 
profile of corrosion products on the bulk surface, it must be the preferred technique for 
studying corrosion of the crater bases. 
Thus, it should be mentioned that, in Section 6.1, the elemental depth profiles obtained 
by sputtering the bulk surface of plate 3, using the 4 mm diameter source after 
horizontal immersion, were compared with profiles of the bulk surface of plate 3 
obtained before the immersion test. Elemental depth profiles obtained using the 2 mm 
diameter source to sputter the base of a 4 mm diameter GDOES crater on plate 2 
(specifically, crater 3, Figure 6.9f), after vertical immersion, were compared with 
profiles of the control specimen obtained using the 2 mm diameter source. 
 
6.3.2 Optical microscopy 
6.3.2.1 DC01, uncoated 
Bulk surface Optical micrographs of the bulk surface of the uncoated DC01 steel (plate 
3) at magnification factors of x 5, x 20 and x 50, acquired before and after immersion 
testing, are presented in Figures 6.11 – 6.13. The granular structure of the metallic 
surface, clearly visible before immersion in Figures 6.11a, 6.12a and 6.13a, is 
completely obscured by a loose covering of corrosion products in Figures 6.11b, 6.12b 
and 6.13b. 
 
Crater base The optical micrographs of the crater base (Figures 6.14 – 6.16) again 
reveal a granular structure before immersion, which is partially obscured, after the 
immersion test, by a thin layer of corrosion products displaying a cracked, flaky 
appearance. 
 
6.3.2.2 DC01-VE, non-inhibited 
Bulk surface The bulk surface of the DC01 steel supporting the non-inhibited EPOXY-
Fe coating, before and after the immersion test, is imaged in Figures 6.17 – 6.19. 
Evidence of coating degradation can be seen, in the form of pits (arrows in Figure 
6.17b). A general increase in grain-size of the substrate, seen through the coating, is 
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evident in Figures 6.18b and 6.19b. Some corrosion products are visible at grain 
boundaries in Figure 6.19. 
 
Crater base Optical micrographs of the base of a 4 mm diameter GDOES crater on the 
DC01 steel supporting the non-inhibited EPOXY-Fe coating, before and after the 
immersion test, are presented in Figures 6.20 – 6.22. An increase in grain size of the 
exposed substrate is evident (Figure 6.21b), but less marked than that observed under 
the coating. Some of the grains in Figure 6.21b reveal patches of colouration, suggestive 
of incipient re-crystallization. At higher magnification (Figure 6.22b) patches of 
corrosion product are visible. 
 
Crater edge The optical micrographs in Figure 6.23 compare the morphology of the 
edge of a 4 mm diameter crater on the DC01 steel supporting the non-inhibited 
EPOXY-Fe coating with that of a 4 mm diameter crater on the uncoated DC01 steel. 
On the uncoated steel, the material that was excavated and deposited around the edge of 
the crater during sputtering forms a relatively thin layer – the interference colours 
indicate that the thickness is in the range of the wavelength of visible light (Figure 
6.23b). 
A considerably thicker layer of excavated material is deposited around the edge of the 
crater in the coated specimen (Figure 6.23a). 
 
6.3.3 White light interferometry 
A 3D image of the edge of a 4 mm diameter crater on the DC01 steel supporting the 
non-inhibited EPOXY-Fe coating, acquired by white light interferometry, is presented 
in Figure 6.24. The total depth of the crater (from the peak of the deposited material to 
the base of the crater) is indicated as (16.9 + 3.97) µm = 20.87 µm, where the height of 
the peak above the level of the bulk surface is 3.97 µm and the depth of the crater base 
below the level of the bulk surface is 16.9 µm. 
 
6.4 Artificial cells 
Artificial cells were constructed as outlined in Chapter 3. Specimens of size 10 cm x 5 
cm were used in order to avoid cutting the coated specimens. Cells 62a – 65a consisted 
of uncoated DC01 steel fixed in close proximity to the specimens supporting the 
uninhibited EPOXY-Fe coatings (Chapter 3, Table 3.7).  
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Cells 66a and 66b each consisted of uncoated DC01 steel on both sides of the cell for 
reference purposes. Cells 67a – 70a and 67b – 70b consisted of coated specimens on 
both sides of the cell (Chapter 3, Table 3.7). 
6.4.1 Depth profiling of the uncoated DC01 steel from the artificial cells 
6.4.1.1 Control specimen 
Figure 6.25 presents the iron and oxygen depth profiles obtained using the 4 mm 
diameter source to sputter the control specimen. Several areas of the specimen were 
sampled and, in each case, the iron signal revealed a sharp increase in intensity at 
initiation of sputtering, to reach an intensity of 146 arbitrary units after 0.8 s of 
sputtering (Figure 6.25a). A further increase in the iron intensity occurs at a 
significantly reduced rate, such that the maximum intensity of 190 arbitrary units is 
reached after a total sputtering time of 15 s. 
The oxygen depth profiles reveal a significant variation in peak intensity and in the 
sputtering times needed to reduce the oxygen signal to one-half of the peak intensity 
(Table 6.2). This indicates a minor variation in the thickness of the thin surface film 
over the surface area of the specimen, possibly due to surface roughness. 
 
Table 6.3: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen (DC01 steel, non-corroded). 
Crater 1 2 3 4 5 
Sputtering time (s) 0.53 0.66 1.16 0.84 0.64 
 
6.4.1.2 Reference cells 66a and 66b 
Cell 66a The iron and oxygen depth profiles obtained using the 4 mm diameter source 
to sputter the uncoated DC01 steel from the reference cell 66a are presented in Figure 
6.26. Three areas on the specimen were sampled – crater 1 was in the upper one-third, 
crater 2 in the middle, and crater 3 in the lower one-third. A minor variation in the 
thickness of corrosion products was observed, with the thinnest layer of corrosion 
products being sampled in the upper one-third of the specimen (crater 1). This is not 
visually obvious from the oxygen depth profiles due to the variation in peak intensity 
(Figure 6.26b), but can be seen in Table 6.3, which lists the sputtering times at which 
the oxygen signals were reduced to one-half of the peak intensity. 
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Table 6.4: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the uncoated DC01 steel from artificial cell 66a. 
Crater 1 2 3 
Sputtering time (s) 0.74 0.82 0.81 
 
Surface roughness, indicated by the gradient of the iron depth profile, appears to be 
greatest in the upper one-third of the specimen (orange profile, Figure 6.26a) and least 
in the lower one-third of the specimen (light blue profile, Figure 6.26a). The gradient of 
each profile in Figure 6.26a is significantly shallower than for the profiles of the control 
specimen (Figure 6.25a). Thus, a significant intensity of corrosion of the specimen from 
artificial cell 66a is indicated. 
The observed increase in thickness of corrosion products from top to bottom of the 
specimen, as oriented in the artificial cell, is likely due to gravity effects. 
 
Cell 66b Figure 6.27 presents the iron and oxygen depth profiles obtained by sputtering 
the uncoated DC01 steel from artificial cell 66b. The variation in both thickness and 
concentration of corrosion product is more pronounced than in the specimen from cell 
66a. This is to be expected due to the significantly longer running time for cell 66b. 
The thinnest, least intensely corroded layer is found in the upper on-third of the 
specimen (crater 1, Figure 6.27 and Table 6.4). This is unexpected, since oxygen would 
be most available near the top of the specimen, hence the distribution of corrosion 
products may have been influenced by gravity effects and/or the development of local 
anodes and cathodes. 
 
Table 6.5: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the uncoated DC01 steel from artificial cell 66b. 
Crater 1 2 3 
Sputtering time (s) 1.32 1.20 1.23 
 
6.4.1.3 Artificial cells 62a – 65a 
Iron depth profiles The iron depth profiles obtained by sputtering the uncoated DC01 
steel from artificial cells 62a – 65a are presented in Figures 6.28 – 6.31. Three areas on 
each specimen were sputtered and it was observed that the pattern of corrosion 
displayed by each specimen was non-uniform and that the areas of most and least 
intense corrosion varied from one specimen to another. 
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Thus, on the specimen from cell 62a, the lowest intensity of corrosion was observed in 
the bottom one-third (crater 3, Figure 6.28), with the upper and middle thirds displaying 
similarly enhanced intensities of corrosion. 
The specimens from cells 63a and 64a each displayed a higher intensity of corrosion in 
the middle compared with the upper one-third, with a significantly greater intensity in 
the bottom one-third (Figures 6.29 and 6.30). 
The specimen from cell 65a displayed the broadest range of corrosion intensity, with the 
top one-third being the least intensely corroded and the bottom one-third the most 
intensely corroded (Figure 6.31). 
The iron depth profiles representing the lowest intensity of corrosion on each specimen 
are presented on the same chart in Figure 6.32. A similar minimum intensity of 
corrosion is thus demonstrated for the uncoated DC01 steel in the presence of 
specimens supporting the non-inhibited EPOXY-Fe coating containing various 
proportions of the thinning agent IPE (cells 63a – 65a). A notably greater intensity of 
corrosion is evident on the specimen from cell 62a, in which the coated specimen 
supported the concentrated EPOXY-Fe coating. 
 
Oxygen depth profiles The oxygen depth profiles obtained by sputtering the uncoated 
DC01 steel from cells 62a – 65a are presented in Figures 6.33 – 6.36. The layer of 
corrosion products on the specimen from cell 62a is observed to be shallowest in the 
bottom one-third (crater 3, Figure 6.33), with the middle and upper one-third revealing 
similarly enhanced thickness of corrosion. Thus, for this specimen, a thin layer 
corresponds with a reduced intensity of corrosion, as derived from the iron depth profile 
(Figure 6.28). 
The specimens from cells 63a and 64a each reveal a thick layer of corrosion products on 
the bottom one-third, with significantly thinner layers in the top and middle one-thirds 
(Figures 6.34 and 6.35). The thinner corrosion products again correspond with a 
reduced intensity of corrosion, as derived from the iron depth profiles (Figure 6.29 and 
6.30). 
The corrosion products on the uncoated steel from cell 65a reveal a broad range of 
thicknesses, with the thickest layer in the bottom one-third and the thinnest layer in the 
top one-third (Figure 6.36). The increase in thickness of corrosion corresponds with the 
increase in intensity of corrosion, as derived from the iron depth profiles (Figure 6.32). 
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The oxygen depth profiles corresponding to the thinnest layer of corrosion products on 
each specimen are presented on the same chart in Figure 6.36. The corresponding 
sputtering times needed to reduce the oxygen intensity to one-half of the peak intensity 
are presented in Table 6.5 (p 430). For comparison, the oxygen signal obtained when 
sputtering the control specimen was reduced to one-half of the peak intensity after a 
sputtering time of 0.53 s. 
 
Table 6.6 Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the uncoated DC01 steel from artificial cells 62a – 66a. 
Cell 62a 63a 64a 65a 66a 
Sputtering time (s) 0.78 0.65 0.69 0.78 0.74 
 
6.4.1.4 Uncoated DC01 steel from the artificial cells: summary and conclusions 
A significant thickness and intensity of corrosion was indicated on the uncoated steel 
from the artificial cells that were run in the absence of a coated specimen (cells 66a and 
66b), when compared with the control specimen. A longer exposure time (cell 66b) 
resulted in a considerable further increase in thickness and intensity of corrosion. 
The thickness of the corrosion products, and the intensity of corrosion, increase from 
top to bottom of the specimens, as oriented in the artificial cell. This may be due to 
gravity effects and/or dissolution of iron at local anodes and deposition of rust at local 
cathodes. 
In the presence of coated specimens, the thickest layer of corrosion products is usually, 
but not always, found in the bottom one-third of the specimen. However, the thickest 
layer always corresponds with the most intense corrosion. 
A similar minimum intensity of corrosion is observed in the presence each of the 
specimens supporting the non-inhibited EPOXY-Fe coating containing various 
proportions of the thinning agent IPE. A notably greater intensity of corrosion is 
observed in the presence of the specimen supporting the concentrated EPOXY-Fe 
coating. 
 
6.4.2 Depth profiling of the coated specimens from the artificial cells 
6.4.2.1 Control specimens 
The iron and oxygen depth profiles obtained by sputtering the as-received specimens of 
DC01 steel supporting the non-inhibited EPOXY-Fe-15IPE, EPOXY-Fe-30IPE and 
EPOXY-Fe-45IPE coatings are presented in Figures 6.38 – 6.40. Three areas on each 
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specimen were sampled, representing the upper, middle and bottom one-third of each 
specimen. In each case, the coating is observed to be significantly thinner in the upper 
one-third of the specimen, as expected for dip-coated specimens. Further, it is evident 
that the coating thickness decreases with increasing proportion of IPE, as expected. This 
is in contrast to the use of ethanol as thinning agent for the EPOXY-Al coatings 
discussed in Chapter 5, where an increasing proportion of ethanol was found to result in 
thicker coatings. Thus, it may be concluded that IPE is completely removed from the 
sol-gel during curing, whereas ethanol is not completely removed. 
 
6.4.2.2 Coated specimens from artificial cells 68b – 70b 
Figures 6.41 – 6.43 present the iron and oxygen depth profiles obtained by sputtering 
the coated specimens from artificial cells 68b – 70b, along with the profiles from the 
corresponding control specimens. To take account of the variation in coating thickness 
across each specimen and to make a fair comparison, two areas of each specimen are 
compared with similar areas on the control specimens. 
For the coated specimen from cell 68b, there is observed to be no reduction in coating 
thickness compared with corresponding areas on the control specimen (EPOXY-Fe 
15IPE, Figure 6.41). However, some degradation of the coating is made evident by a 
decrease in the gradient of the iron profiles and an increase in the peak intensity of the 
oxygen profiles. The latter is accompanied by little or no change in the half-peak-width, 
so that adsorption of oxygen or moisture by the coating is indicated. 
The coated specimens from cells 69b and 70b also reveal no measurable reduction in 
coating thickness compared with the respective control specimens (Figures 6.42 and 
6.43). In contrast to cell 68b, the iron depth profiles of the specimens from cells 69b and 
70b do not reveal a significant increase in gradient, suggesting less significant coating 
degradation during the running of the artificial cells. However, an increase in the 
amount of oxygen sampled during sputtering of the coating is still indicated, particularly 
for the specimen from cell 69b (Figure 6.43). 
 
6.4.2.3 Coated steel from the artificial cells: summary and conclusions 
GDOES profiling of the as-received coated specimens indicates an increase in coating 
thickness from top to bottom of the specimen, due to the dip-coating procedure. The 
coating thickness decreases with increasing proportion of IPE in the coating 
formulation. 
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No bulk loss of material is indicated after the artificial cell experiment for the coatings 
prepared with various proportions of IPE. However, there is some evidence for a 
general coating degradation and for adsorption of oxygen (or moisture) by the coatings. 
The coating degradation is most significant for the coating with 15% IPE, being less 
significant with higher proportions of IPE. Oxygen (or moisture) adsorption also 
decreases with increasing IPE. 
 
6.5 Characterisation 
6.5.1 Visual examination 
6.5.1.1 Uncoated DC01 steel 
Photographic images of the uncoated DC01 steel after use in the artificial cell 
experiment (series a) are presented in Figure 6.44, along with an image of the control 
specimen. The control specimen reveals a relatively featureless, mottled grey surface 
(Figure 6.44a), while on the specimens from the artificial cells, the grey surface is 
streaked with red-brown corrosion products (Figure 6.44b – f). Dark grey patches and 
numerous blisters are also present. The streaks are likely to represent corrosion products 
that were formed in the blisters and subsequently moved under gravity during the 
artificial cell experiment. 
 
6.5.1.2 DC01 steel supporting the non-inhibited EPOXY-Fe coatings 
Cell 67b. In Figure 6.45, two specimens of the DC01 steel supporting the concentrated 
EPOXY-Fe coating are imaged before and after use in artificial cell 67b. The presence 
of discrete patches of oxide underneath the coating before the experiment (and, likely, 
before application of the coating) is evident in Figure 6.45a (inside the black square). 
The specimen in Figure 6.45b (also imaged before the experiment) reveals flecks of 
brown oxide mottling the entire surface of the specimen underneath the coating. 
Figure 6.45c presents the same specimen imaged in Figure 6.45a, but now after use in 
artificial cell 67b. A general discolouration of the surface is evident, but there is no 
visible change in the patches of oxide that were already present under the coating before 
immersion (inside the black square). 
In Figure 6.45d, the same specimen that was imaged in Figure 6.45b is presented after 
use in artificial cell 67b. The difference in surface discolouration before and after the 
experiment is less marked than for the specimen imaged in Figures 6.45 a and c, since 
some discolouration was already observed before the experiment , due to the presence 
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of oxide underneath the coating. That the oxide under the coating does not further 
corrode during the artificial cell experiment demonstrates the effectiveness of the 
concentrated EPOXY-Fe coating as a protective barrier. 
 
Cell 68b The two specimens used in artificial cell 68b are imaged, before and after the 
experiment, in Figure 6.46. As was observed for the specimens supporting the 
concentrated coating, the specimens supporting the EPOXY-Fe-15IPE reveal minor 
surface discolouration after the experiment, while patches of oxide present underneath 
the coating before the experiment (black box, Figure 6.46a) are not visibly changed 
after the experiment (black box, Figure 6.46c). Thus, the EPOXY-Fe-15IPE appears to 
be an effective barrier to corrosion during the 200 h of the series b experiment. 
 
Cell 69b The patch of oxide visible underneath the EPOXY-Fe-30IPE coating before 
the artificial cell experiment (black box, Figure 6.47a) is not visibly changed after use of 
the specimen in artificial cell 69b (black box near bottom right, Figure 6.478c). 
However, two blisters are visible to the right of centre after the experiment (Figure 
6.47c) which do not correspond to any visible blemish on the specimen imaged before 
the experiment (Figure 6.47a). This suggests that the EPOXY-Fe-30IPE is a less 
effective barrier than either the concentrated coating or the EPOXY-Fe-15IPE coating. 
 
Cell 70b A similar compromise of barrier properties is evident for the specimen 
supporting the EPOXY-Fe-45IPE coating, imaged before and after the artificial cell 
experiment in Figure 6.48. The blemish already present underneath the coating before 
the experiment (circle numbered 1 in Figure 6.48b) is visibly larger after the experiment 
(Figure 6.48d). Further, a scratch that was present on the coating before the experiment 
(circle numbered 2 in Figure 6.48b) is observed to be the site of growth of another 
blister (Figure 6.48d). 
 
6.5.2 Optical Microscopy 
6.5.2.1 Uncoated DC01 steel 
Control specimen The optical micrographs of the control specimen presented in Figure 
6.49 reveal a rough, granular surface with a grey-green hue. 
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Reference cell 66a The specimen from cell 66a is imaged at a range of magnifications 
in Figures 6.50 – 5.52. At low magnification (Figure 6.50) elongated streaks of red-
brown corrosion products are observed against a grey background. The streaks run from 
top to bottom of the specimen, as oriented in the artificial cell. Numerous blisters are 
present, often forming chains within the elongated streaks. At the centres of the blisters, 
the overlying material has flaked away to reveal strongly discoloured matrix. Figure 
6.52 (magnification factor x 80) presents details of a) the matrix away from the streaks 
and blisters, b) – d) flaky material on the periphery of a blister, e) and f) the matrix at 
the centre of a blister. 
 
Reference cell 66b The specimen from cell 66b is imaged in Figures 6.53 – 6.55. A 
comparison of Figure 6.53 with Figure 6.50 demonstrates that the longer exposure time 
leads to a significant discolouration of the entire surface area, with more intense streaks 
of corrosion products and a denser population of blisters. Details of the blisters and of 
the intensely corroded matrix are visible at higher magnifications in Figures 6.54 and 
6.55. The blue flaky material visible around the blisters on the specimen from cell 66a is 
completely absent in the specimen from cell 66b, with the result that the interiors of the 
blisters are completely exposed (e.g. Figures 6.54b – c and 6.55b – c). 
 
Cell 62a Optical micrographs of the uncoated DC01 steel from cell 62a, at various 
magnification factors, are presented in Figure 6.56. Blisters up to approximately 500 µm 
are visible (Figure 6.56a), some with their interiors completely obscured by flaky 
surface material (Figure 6.56b). The matrix reveals a grey granular surface interrupted 
by brown patches of corrosion product (Figures 6.56c and f). Where surface material 
has flaked off to reveal the interior of a blister, the matrix is strongly discoloured 
(Figures 6.56d and e). These features are comparable with those observed for the 
uncoated DC01 steel from reference cell 66a, indicating that the presence of the 
specimen supporting the concentrated EPOXY-Fe coating affords no protection to the 
uncoated steel in the artificial cell. 
 
Cell 63a Figure 6.57 presents optical micrographs of the uncoated DC01 steel from cell 
63a. The image in Figure 6.57a represents one of the darkened areas visible in the 
photographic image (black circle, Figure 6.44c). (Such areas were also present of the 
uncoated steel from cell 62a and cells 64a – 66a.) Here, the matrix surrounding the 
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blister in Figure 6.57a is strongly discoloured (comparable to that on the specimen from 
cell 66b), whereas, in Figures 6.57b – d, some grey, granular matrix is visible. Other 
features revealed in Figure 6.57 are comparable with those observed on the uncoated 
steel from the reference cell (66a). 
These observations indicate that the presence of the specimen supporting the EPOXY-
Fe 15IPE coating has no effect upon the pattern of corrosion observed on the uncoated 
steel, as expected. 
 
Cells 64a and 65a The optical micrographs of the uncoated steel from cells 64a and 65a 
(Figures 6.58 and 6.59) reveal features comparable to those observed on the uncoated 
DC01 steel from reference cell 66a. An additional feature of interest is the presence of a 
network of cracks in the grey matrix (e.g. Figure 6.58h and Figures 6.59e, f, and h). 
These may represent incipient corrosion accompanied by flaking of the matrix. Such 
cracks were significantly less prevalent on the uncoated steel from cells 62a and 63a. 
 
6.5.2.2 DC01 steel supporting the non-inhibited EPOXY-Fe coating 
EPOXY-Fe, concentrated Optical micrographs of the DC01 steel supporting the 
concentrated EPOXY-Fe coating, imaged before use in the artificial cell experiment, are 
presented in Figure 6.60. Note that blisters, ranging in size from approximately 30 µm 
(Figure 6.60a) to greater than 1500 µm (Figure 6.60b) were already present underneath 
the coating before the experiment (although the large blister was an isolated 
occurrence). The substrate matrix (visible under the transparent coating) reveals a grey-
green, granular appearance (Figure 6.60c). 
The same specimen, imaged after use in artificial cell 67b is presented in Figure 6.61. 
Extensive networks of cracks are now visible in the coating (Figures 6.61a, b, and e). 
Isolated patches of corrosion product are also evident on the underlying substrate 
(Figures 6.61c and d). 
 
EPOXY-Fe-15IPE Figure 6.62 presents optical micrographs of the DC01 steel 
supporting the EPOXY-Fe-15IPE coating, imaged before use in the artificial cell 
experiment. No blisters larger than 30 µm were observed on this specimen. The 
underlying matrix revealed a similar appearance to that supporting the concentrated 
EPOXY-Fe coating. 
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After use in artificial cell 68b, the presence of larger blisters (approximately 300 µm), 
along with an increased population of small blisters (approximately 30 µm) was noted 
(Figure 6.63a). Cracks in the coating were again observed (Figure 6.63b), but these 
were not as extensive, nor as prevalent, as in the concentrated EPOXY-Fe coating. 
Isolated patches of corrosion product are again visible on the substrate (e.g. Figure 
6.63e). These are sometimes associated with the cracks in the coating (e.g. Figure 
6.63d). 
 
EPOXY-Fe-30IPE The optical micrograph of the specimen supporting the EPOXY-Fe-
30IPE coating, acquired before the artificial cell experiment, (Figure 6.64) reveals a 
similar appearance to the specimens supporting the concentrated coating and the 
EPOXY-Fe 15IPE. No blisters larger than 30 µm were observed on this specimen. 
After use in cell 69b, optical micrographs of the same specimen reveal the presence of 
large blisters (approximately 600 µm, Figure 6.65a) and cracks in the coating (Figure 
6.65b) sometimes associated with deposits of brown corrosion product (Figure 6.65c, 
g). The centre of a blister is imaged in Figure 6.65c, revealing features similar to those 
observed on the uncoated DC01 steel from cell 66b (e.g. Figure 6.54b). Although the 
presence of the coating has prevented the physical loss of any flaky material covering 
the blister, expansion of the blister has exposed some of its interior. The expansion of 
blisters may be responsible for the formation of cracks in the coating. 
 
EPOXY-Fe-45IPE The optical micrographs of the specimen supporting the EPOXY-
Fe-45IPE coating (Figure 6.66), acquired before use in the artificial cell experiment, 
reveal a similar appearance to the specimens supporting other uninhibited EPOXY-Fe 
coatings. No blisters larger than 30 µm were observed on the specimen supporting the 
EPOXY-Fe 45IPE coating before the experiment. 
After use in artificial cell 70b, isolated large blisters (approximately 1000 µm x 1500 
µm, Figure 6.67a) and groups of small, elongated blisters (Figure 6.67b) were observed. 
Cracks in the coating were also observed (Figure 6.67c), but were less extensive and 
less prevalent than those observed in any of the other uninhibited EPOXY-Fe coatings. 
Isolated patches of corrosion products were observed in the substrate matrix (Figure 
6.67h), but none were seen to be directly associated with the cracks in the coating. 
Corrosion products at the centre of a large blister are imaged in Figures 6.67e and g. 
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6.6 Non-inhibited sol-gel coatings on DC01 steel: summary and conclusions 
Uncoated DC01 steel. The as-received uncoated DC01 steel supports a thin film of iron 
oxide with adsorbed atmospheric oxygen, moisture and sulphur-containing pollutants. 
Adsorbed atmospheric nitrogen may also be present, but the relative amount varies 
considerably from one specimen to another. The film varies in thickness across the 
specimen surface area and is largely removed during surface pre-treatment before the 
application of the EPOXY-Fe coating. 
Corrosion of the uncoated steel during the artificial cell experiment proceeds by the 
formation of localised blisters. As the blisters mature, the outer layers flake away to 
reveal intensely discoloured matrix. Streaks of corrosion product probably represent 
bulk movement of material derived from the blisters. 
With longer exposure times, less localised corrosion involving the entire specimen 
surface area is observed. This involves general discolouration of the matrix along with 
the development of a network of cracks, possibly leading to flaking. 
 
Non-inhibited EPOXY-Fe coatings. Baseline amounts of cerium and molybdenum are 
present in the non-inhibited EPOXY-Fe coatings. The phosphorus, sulphur and 
molybdenum signals are moderately enhanced in the coating compared with the 
uncoated steel. 
The signal intensities of the elements cerium, nitrogen, phosphorus, sulphur and 
molybdenum obtained by GDOES profiling reveal no measurable change after 
immersion testing. Thus, detection of inhibitor species containing these elements should 
be relatively uncomplicated (Chapters 7 – 9). 
The presence of specimens supporting the non-inhibited EPOXY-Fe coatings affords no 
protection to the uncoated DC01 steel in the artificial cell experiment, as expected. 
An extensive network of cracks is present on the concentrated EPOXY-Fe coating, but 
these are not associated with the presence of corrosion products after the artificial cell 
experiment. Hence, the cracks in the concentrated coating may be presumed to be 
superficial, i.e. not exposing the underlying substrate. The cracks probably are the result 
of stresses during curing of the coating. 
The concentrated EPOXY-Fe coating demonstrated effective barrier properties, 
allowing no continued development of the blister that was already present when the 
coating was applied. 
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With the use of various proportions of IPE as coating thinner, cracks in the coatings 
were less extensive but were observed to be associated with corrosion products. Thus, 
the thinner coatings allow the cracks to expose the underlying substrate. The renewed 
growth of blisters underneath these coatings is also evident. Thus, the barrier properties 
of the coatings are progressively compromised with increasing proportion of IPE in the 
coating formulation. 
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Elemental depth profile obtained using the 4 mm source to sputter the uncoated DC01 steel 
before immersion testing
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a) 
Elemental depth profile obtained using the 4 mm source to sputter the uncoated DC01 steel 
before immersion testing
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b) 
Figure 6.1: Elemental depth profile obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel before immersion testing: a) full profile; b) expanded to show the first 5 s of 
sputtering time (note that various multiplication factors have been applied to some of the signals 
for improved clarity). 
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Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the 
uncoated DC01 steel before immersion testing
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a) 
Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the 
uncoated DC01 steel before immersion testing
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b) 
Figure 6.2: Elemental depth profile obtained using the 2 mm diameter source to sputter the bulk 
surface of the uncoated DC01 steel (control – not immersed): a) full profile (5 s); b) expanded to 
show the first 1.5 s of sputtering time (note that various multiplication factors have been applied to 
some of the signals for improved clarity). 
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Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the 
uncoated DC01 steel after immersion testing
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a) 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the 
uncoated DC01 steel after immersion testing
0
20
40
60
80
100
120
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
Iron
Oxygen (x10)
Phosphorus (x300)
Sulphur (x200)
Cerium (x300)
Molybdenum (x200)
Nitrogen (x10)
Hydrogen (x100)
 
b) 
Figure 6.3: Elemental depth profile obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel after the immersion test: a) full profile; b) expanded to show the first 5 s of 
sputtering time (note that various multiplication factors have been applied to some of the signals 
for improved clarity). 
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Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on 
the uncoated DC01 steel (p2c3) after immersion
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a) 
Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on 
the uncoated DC01 steel (p2c3) after immersion
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b) 
Figure 6.4: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm GDOES crater on the uncoated DC01 steel after the immersion test: a) full profile (5 s); b) 
expanded to show the first 1.5 s of sputtering time (note that various multiplication factors have 
been applied to some of the signals for improved clarity). 
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Elemental depth profile obtained using the 4 mm source to sputter the DC01 steel supporting 
an uninhibited EPOXY-Fe coating, before immersion testing
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a) 
Elemental depth profile obtained using the 4 mm source to sputter the DC01 steel supporting 
an uninhibited EPOXY-Fe coating, before immersion testing
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b) 
Figure 6.5: Elemental depth profile obtained using the 4 mm diameter source to sputter the DC01 
steel supporting the non-inhibited EPOXY-Fe coating before immersion testing: a) iron, silicon and 
oxygen profiles; b) trace elements. Note that multiplication factors have been applied to some of the 
elements for improved clarity. Fi is a parameter indicating plasma stability during GDOES 
sputtering. 
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Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the 
DC01 steel supporting the uninhibited VE coating before immersion testing
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a) 
Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the 
DC01 steel supporting the uninhibited VE coating before immersion testing
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b) 
Figure 6.6: Elemental depth profile obtained using the 2 mm diameter source to sputter the DC01 
steel supporting the non-inhibited EPOXY-Fe coating (control – not immersed): a) iron, silicon and 
oxygen profiles; b) trace elements. Note that multiplication factors have been applied to some of the 
elements for improved clarity. Fi is a parameter indicating plasma stability during GDOES 
sputtering. 
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Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the 
DC01 steel supporting an uninhibited VE coating after immersion
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a) 
Elemental depth profile obtained using the 2 mm source to sputter the bulk surface of the 
DC01 steel supporting an uninhibited VE coating after immersion
0
10
20
30
40
50
60
0 50 100 150 200 250 300
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
Phosphorus (x300)
Sulphur (x200)
Cerium (x300)
Molybdenum (x200)
Nitrogen (x100)
Hydrogen (x10)
Fi
 
b) 
Figure 6.7: Elemental depth profile obtained using the 2 mm diameter source to sputter the bulk 
surface of the DC01 steel supporting the non-inhibited EPOXY-Fe coating, after the immersion 
test: a) iron, silicon and oxygen profiles; b) trace elements. Note that multiplication factors have 
been applied to some of the elements for improved clarity. Fi is a parameter indicating plasma 
stability during GDOES sputtering. 
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Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on 
the DC01 steel supporting an uninhibited VE coating, after immersion
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a) 
Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on 
the DC01 steel supporting an uninhibited VE coating, after immersion
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b) 
Figure 6.8: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm crater on the DC01 steel supporting the non-inhibited EPOXY-Fe coating, after the immersion 
test: a) iron, silicon and oxygen profiles; b) trace elements. Note that multiplication factors have 
been applied to some of the elements for improved clarity. Fi is a parameter indicating plasma 
stability during GDOES sputtering. 
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a)                                                              b) 
  
c)                                                          d) 
  
e)                                                          f) 
Figure 6.9: Photographic images of the uncoated specimen designated DC01 plate 2: a) entire 
specimen, before immersion; b) entire specimen after the immersion test, c) crater 3 before 
immersion, d) – f) craters 1, 2 and 3 after immersion. Craters are numbered such that crater 1 is at 
the top of the specimen. 
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a)                                                          b) 
  
c)                                                           d) 
  
e)                                                             f) 
Figure 6.10: Photographic images of the uncoated specimen designated DC01 plate 3: a) entire 
specimen, before immersion; b) entire specimen after two days of immersion in 35 g l
-1
 NaCl 
solution, c) – f) craters 1, 3, 4 and 6 after immersion. Craters are numbered such that crater 1 is at 
the top of the specimen. 
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a) 
 
b) 
Figure 6.11: Optical micrographs of the bulk surface of the uncoated DC01 steel at a magnification 
factor of x 5: a) control specimen (not subjected to immersion testing); b) plate 3, after two days of 
immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.12: Optical micrographs of the bulk surface of the uncoated DC01 steel at a magnification 
factor of x 20: a) control specimen (not subjected to immersion testing); b) plate 3, after two days of 
immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.13: Optical micrographs of the bulk surface of the uncoated DC01 steel at a magnification 
factor of x 50: a) control specimen (not subjected to immersion testing); b) plate 3, after two days of 
immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.14: Optical micrographs of the base of a 4 mm diameter GDOES crater on the uncoated 
DC01 steel at a magnification factor of x 5: a) control specimen (not subjected to immersion 
testing); b) plate 2 crater 5, after two days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.15: Optical micrographs of the base of a 4 mm diameter GDOES crater on the uncoated 
DC01 steel at a magnification factor of x 20: a) control specimen (not subjected to immersion 
testing); b) plate 2 crater 5, after two days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.16: Optical micrographs of the base of a 4 mm diameter GDOES crater on the uncoated 
DC01 steel at a magnification factor of x 50: a) control specimen (not subjected to immersion 
testing); b) plate 2 crater 5, after two days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.17: Optical micrographs of the bulk surface of the DC01 steel supporting the non-
inhibited EPOXY-Fe coating at a magnification factor of x 5: a) before immersion testing; b) after 
two days of immersion in 35 g l
-1
 NaCl solution. The arrows indicate the presence of pits. 
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a) 
 
b) 
Figure 6.18: Optical micrographs of the bulk surface of the DC01 steel supporting the non-
inhibited EPOXY-Fe coating at a magnification factor of x 20: a) before immersion testing; b) after 
two days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.19: Optical micrographs of the bulk surface of the DC01 steel supporting the non-
inhibited EPOXY-Fe coating at a magnification factor of x 80: a) before immersion testing; b) after 
two days of immersion in 35 g l
-1
 NaCl solution. 
 
 454 
 
a) 
 
b) 
Figure 6.20: Optical micrographs of a 4 mm diameter GDOES crater on the DC01 steel supporting 
the non-inhibited EPOXY-Fe coating at a magnification factor of x 5: a) before immersion testing; 
b) after 2 days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.21: Optical micrographs of a 4 mm diameter GDOES crater on the DC01 steel supporting 
the non-inhibited EPOXY-Fe coating at a magnification factor of x 20: a) before immersion testing; 
b) after 2 days of immersion in 35 g l
-1
 NaCl solution. 
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a) 
 
b) 
Figure 6.22: Optical micrographs of a 4 mm diameter GDOES crater on the DC01 steel supporting 
the non-inhibited EPOXY-Fe coating at a magnification factor of x 80: a) before immersion testing; 
b) after 2 days of immersion in 35 g l
-1
 NaCl solution. 
Corrosion product 
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a) 
 
b) 
Figure 6.23: Optical micrographs of the edge of a 4 mm diameter GDOES crater on the DC01 steel 
at a magnification factor of x 5: a) supporting the non-inhibited EPOXY-Fe coating and b) 
uncoated. The specimens imaged here were not subjected to immersion testing. 
 458 
 
Figure 6.24: 3D image of the edge of a 4 mm diameter GDOES crater in the DC01 steel supporting 
the non-inhibited EPOXY-FE coating. Image acquired by white light interferometry. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel (not 
subjected to immersion testing)
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel (not 
subjected to immersion testing)
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Figure 6.25: Elemental depth profiles obtained by sputtering the uncoated DC01 steel (control 
specimen): a) iron profiles; b) oxygen profiles (expanded to show the first 6 s of sputtering, for 
improved clarity). 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 66a
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 66a
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b) 
Figure 6.26: Elemental depth profiles obtained by sputtering three areas on the uncoated DC01 
steel from artificial cell 66a: a) iron profiles; b) oxygen profiles (expanded to show the first 6 s of 
sputtering, for improved clarity). 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 66b
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 66b
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b) 
Figure 6.27: Elemental depth profiles obtained by sputtering three areas on the uncoated DC01 
steel from artificial cell 66b: a) iron profiles; b) oxygen profiles (expanded to show the first 6 s of 
sputtering, for improved clarity). 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 62a
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Figure 6.28: Iron depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 62a. 
 
 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 63a
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Figure 6.29: Iron depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 63a. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 64a
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Figure 6.30: Iron depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 64a. 
 
 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 65a
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Figure 6.31: Iron depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 65a. 
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Iron depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel from 
the artificial cells (series a)
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel from 
the artificial cells (series a)
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b) 
Figure 6.32: Iron depth profiles obtained by sputtering the control specimen and the uncoated 
DC01 steel from artificial cells 62a – 66a: a) full profile; b) expanded to show the first 5 s of 
sputtering time, for improved clarity. 
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Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 62a
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Figure 6.33: Oxygen depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 62a. 
 
Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 63a
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Figure 6.34: Oxygen depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 63a. 
 
 466 
Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 64a
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Figure 6.35: Oxygen depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 64a. 
 
Oxygen depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 65a
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Figure 6.36: Oxygen depth profiles obtained by sputtering three areas on the uncoated DC01 steel 
from artificial cell 65a. 
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Oxygen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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Figure 6.37: Oxygen depth profiles obtained by sputtering the control specimen and the uncoated 
DC01 steel from artificial cells 62a – 66a. 
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Iron depth profiles obtained using the 4 mm source to sputter the reference specimen DC01VE15IPE
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the reference specimen 
DC01VE15IPE
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b) 
Figure 6.38: a) Iron and b) oxygen depth profiles obtained by sputtering the DC01 steel supporting 
the non-inhibited EPOXY-FE 15IPE coating. 
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Iron depth profiles obtained using the 4 mm source to sputter the reference specimen DC01VE30IPE
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the reference specimen 
DC01VE30IPE
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b) 
Figure 6.39: a) Iron and b) oxygen depth profiles obtained by sputtering the DC01 steel supporting 
the non-inhibited EPOXY-FE 30IPE coating. 
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Iron depth profiles obtained using the 4 mm source to sputter the reference specimen DC01VE45IPE
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the reference specimen 
DC01VE45IPE
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b) 
Figure 6.40: a) Iron and b) oxygen depth profiles obtained by sputtering the DC01 steel supporting 
the non-inhibited EPOXY-FE 45IPE coating. 
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Iron depth profiles obtained using the 4 mm source to sputter the DC01 steel supporting the  
EPOXY-Fe 15IPE coating
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the DC01 steel supporting 
the  EPOXY-Fe 15IPE coating
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b) 
Figure 6.41: a) Iron and b) oxygen depth profiles obtained by sputtering the coated DC01 steel 
from artificial cell 68b and the corresponding control specimen (EPOXY-FE 15IPE). 
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Iron depth profiles obtained using the 4 mm source to sputter the DC01 steel supporting the  
EPOXY-Fe 30IPE coating
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the DC01 steel supporting 
the  EPOXY-Fe 30IPE coating
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b) 
Figure 6.42: a) Iron and b) oxygen depth profiles obtained by sputtering the coated DC01 steel 
from artificial cell 69b and the corresponding control specimen (EPOXY-FE 30IPE). 
 
 473 
Iron depth profiles obtained using the 4 mm source to sputter the DC01 steel supporting the  
EPOXY-Fe 30IPE coating
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the DC01 steel supporting 
the  EPOXY-Fe 30IPE coating
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b) 
Figure 6.43: a) Iron and b) oxygen depth profiles obtained by sputtering the coated DC01 steel 
from artificial cell 70b and the corresponding control specimen (EPOXY-FE 45IPE). 
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a)                                        b)                                        c) 
   
d)                                        e)                                         f) 
Figure 6.44: Photographic images of the uncoated DC01 steel: a) control specimen; b) – f) from the 
series a artificial cells; b) cell 62a, c) cell 63a, d) cell 64a, e) cell 65a, f) cell 66a (reference cell). 
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a)                                              b) 
  
c)                                              d) 
Figure 6.45: Photographic images of the DC01 steel supporting the concentrated EPOXY-Fe 
coating before and after use in artificial cell 67b (both sides of the cell are imaged): a) and b) before 
the experiment; c) and d) after the experiment. 
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a)                                             b) 
  
c)                                             d) 
Figure 6.46: Photographic images of the DC01 steel supporting the EPOXY-Fe 15IPE coating 
before and after use in artificial cell 68b (both sides of the cell are imaged): a) and b) before the 
experiment; c) and d) after the experiment. 
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a)                                             b) 
  
c)                                             d) 
Figure 6.47: Photographic images of the DC01 steel supporting the EPOXY-Fe 30IPE coating 
before and after use in artificial cell 69b (both sides of the cell are imaged): a) and b) before the 
experiment; c) and d) after the experiment. 
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a)                                             b) 
  
c)                                             d) 
Figure 6.48: Photographic images of the DC01 steel supporting the EPOXY-Fe 45IPE coating 
before and after use in artificial cell 70b (both sides of the cell are imaged): a) and b) before the 
experiment; c) and d) after the experiment. 
1 
2 
1 
2 
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a) 
 
b) 
 
c) 
Figure 6.49: Optical micrographs of the uncoated DC01 steel (control specimen): a) magnification 
factor x 5; b) magnification factor x 20, c) magnification factor x 80. 
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a) 
 
b) 
 
c) 
Figure 6.50: Optical micrographs of the uncoated DC01 steel from artificial cell 66a, acquired at a 
magnification factor of x 5. 
 481 
 
a) 
 
b) 
 
c) 
Figure 6.51: Optical micrographs of the uncoated DC01 steel from artificial cell 66a, acquired at a 
magnification factor of x 20. 
 482 
  
a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 6.52: Optical micrographs of the uncoated DC01 steel from artificial cell 66a, acquired at a 
magnification factor of x 80. 
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a) 
 
b) 
 
c) 
Figure 6.53: Optical micrographs of the uncoated DC01 steel from artificial cell 66b, acquired at a 
magnification factor of x 5. 
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a) 
 
b) 
 
c) 
Figure 6.54: Optical micrographs of the uncoated DC01 steel from artificial cell 66b, acquired at a 
magnification factor of x 20. 
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a) 
 
b) 
 
c) 
Figure 6.55: Optical micrographs of the uncoated DC01 steel from artificial cell 66b, acquired at a 
magnification factor of x 80. 
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a)                                                                 b) 
  
c)                                                                d) 
  
e)                                                                 f) 
Figure 6.56: Optical micrographs of the uncoated DC01 steel from artificial cell 62a: a) 
magnification factor x 5; b) and c) magnification factor x 20, d) – f) magnification factor x 80. 
 
 
 487 
  
a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 6.57: Optical micrographs of the uncoated DC01 steel from artificial cell 63a: a) 
magnification factor x 5; b) – d) magnification factor x 20, e) and f) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
  
g)                                                                 h) 
Figure 6.58: Optical micrographs of the uncoated DC01 steel from artificial cell 64a: a) 
magnification factor x 5, b) – d) magnification factor x 20, e) – h) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
  
g)                                                                 h) 
Figure 6.59: Optical micrographs of the uncoated DC01 steel from artificial cell 65a: a) 
magnification factor x 5; b) – d) magnification factor x 20, e) – h) magnification factor x 80. 
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a)                                                                b) 
  
c)                                                                 d) 
 
e) 
Figure 6.60: Optical micrographs of the DC01 steel supporting the concentrated EPOXY-Fe 
coating before use in the artificial cell experiment: a) and b) magnification factor x 5; c) and d) 
magnification factor x 20, e) magnification factor x 80. 
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a)                                                                b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 6.61: Optical micrographs of the DC01 steel supporting the concentrated EPOXY-Fe 
coating, after use in artificial cell 67b: a) magnification factor x 5; b) magnification factor x 20, c) – 
f) magnification factor x 80. 
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a) 
 
b) 
 
c) 
Figure 6.62: Optical micrographs of the DC01 steel supporting the EPOXY-Fe 15IPE coating, 
before use in the artificial cell experiment: a) magnification factor x 5; b) magnification factor x 20, 
c) magnification factor x 80. 
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a)                                                                b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 6.63: Optical micrographs of the DC01 steel supporting the EPOXY-Fe 15IPE coating, after 
use in artificial cell 68b: a) and b) magnification factor x 5; c) and d) magnification factor x 20, e) 
and f) magnification factor x 80. 
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a) 
 
b) 
 
c) 
Figure 6.64: Optical micrographs of the DC01 steel supporting the EPOXY-Fe 30IPE coating, 
before use in the artificial cell experiment: a) magnification factor x 5; b) magnification factor x 20, 
c) magnification factor x 80. 
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a)                                                                b) 
  
c)                                                                 d) 
  
e)                                                                f) 
  
g)                                                                 h) 
Figure 6.65: Optical micrographs of the DC01 steel supporting the EPOXY-Fe 30IPE coating, after 
use in artificial cell 69b: a) and b) magnification factor x 5; c) - e) magnification factor x 20, f) - h) 
magnification factor x 80. 
 496 
 
a) 
 
b) 
 
c) 
Figure 6.66: Optical micrographs of the DC01 steel supporting the EPOXY-Fe 45IPE coating, 
before use in the artificial cell experiment: a) and b) magnification factor x 5; c) - e) magnification 
factor x 20, f) - h) magnification factor x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
  
g)                                                                 h) 
Figure 6.67: Optical micrographs of the DC01 steel supporting the EPOXY-Fe 45IPE coating, after 
use in artificial cell 70b: a) - c) magnification factor x 5; d) and e) magnification factor x 20, f) - h) 
magnification factor x 80. 
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7 Corrosion Inhibitors – I: Benzotriazole (BZT). 
Zheludkevich and co-workers have investigated the mechanism of corrosion of AA2024 
T3 in the presence and absence of benzotriazole (BZT)
133
. Zheludkevich argues that the 
initial stage of corrosion, in the absence of inhibitor, involves de-alloying of the copper-
rich second phase particles (intermetallics) due to preferential dissolution of aluminium 
and magnesium, as a result of which the cathodic character of the second phase particles 
is enhanced. With continued exposure, Zheludkevich suggests that the cathodic reaction 
becomes diffusion-limited due to a relatively slow transport of oxygen. Copper de-
alloying continues, along with re-deposition onto the matrix surrounding the second-
phase particles, thus extending the cathodic zones. Zheludkevich further suggests that 
some copper is re-deposited on top of the second-phase particles, leading to copper 
―refining‖. The broadening of the cathodic area and the increase in potential of the 
second phase particles results in further dissolution of aluminium, so that the corrosion 
process becomes autocatalytic. 
The presence of BZT was shown to result in the formation of a thin layer on top of the 
oxidized aluminium surface which, according to Zheludkevich, confers corrosion 
protection by reducing the rate of both the anodic and cathodic processes. The 
investigations described involved immersion in 0.05 M NaCl solution and inhibitor 
adsorption was found to occur during the first hour of the experiment. 
Williams and co-workers
134
 have attributed corrosion inhibition by BZT to the presence 
of the benzotrazolate anion (BTA) which forms a protective and insoluble Cu
+
BTA
–
 
surface film. Williams observed that an inhibitor concentration of at least 5 × 10
−3
 mol 
dm
−3
 was needed for a measurable inhibitory effect and that the onset of inhibition was 
marked by the formation of dark brown surface films on the immersed AA2024 T3 
surface. 
With respect to inhibitor-doped sol-gel coatings on AA2024 T3, Raps and co-workers
135
 
have argued that the presence of BZT in the sol-gel solution influences the formation of 
the polymer network and hence leads to a reduction in the stability and barrier 
properties of the coatings. 
The effect of BZT on the corrosion resistance of phosphate conversion-coated carbon 
steel 1010 (DC01) has been studied by Banczek and co-workers
136
. The presence of 
BZT in the phosphate bath was found to have an effect on surface activation, favouring 
phosphate nucleation and leading to smaller crystals. Cathodic polarisation curves 
obtained in 0.5 mol L
-1
 NaCl solution indicated a diffusion-controlled cathodic process 
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with a reduced limiting current for the BZT-doped coating compared to a non-inhibited 
phosphate coating. As well as limiting the cathodic reaction, the presence of BZT was 
shown to affect the anodic reaction. 
In the present chapter, the results of artificial cell experiments involving bare alloy 
alongside specimens supporting EPOXY-Al coatings doped with BZT, both in the 
presence and absence of AluOx nanocontainers, are presented and discussed. The 
results of artificial cell experiments involving uncoated DC01 steel alongside specimens 
supporting EPOXY-Fe coatings doped with BZT are also presented. The chapter 
concludes with an electrochemical split-cell study of the inhibition mechanism of BZT. 
 
7.1 AA2024 T3 supporting EPOXY-Al coatings doped with BZT 
Artificial cells utilizing specimens of the AA2024 T3 alloy supporting the EPOXY-Al 
coating doped with 4%, 10% and 16% BZT were prepared and three series of 
experiments were undertaken as described in Chapter 3. 
 
7.1.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
7.1.1.1 Aluminium depth profiles 
The initial gradients of the aluminium depth profiles obtained by sputtering the bare 
alloy from cells 14a and 15a are steeper than that of the bare alloy from the reference 
cell (black profile, Figure 7.1). This indicates a significant reduction in the extent of 
surface roughening of the bare alloy during exposure in the presence of 4 − 10% BZT, 
compared with exposure in the absence of BZT. Nevertheless, the gradients are 
shallower than that of the reference specimen (grey profile), indicating some surface 
roughening. This surface roughening may be the result of corrosion or the formation of 
an altered layer incorporating BZT. 
The gradient of the aluminium depth profile obtained by sputtering the bare alloy from 
cell 16a (blue profile, Figure 7.1) is comparable with those of the bare alloy from 
reference cell 23a (black profile, Figure 7.1) and from cell 10a (dark blue profile). Thus, 
similar extents of surface roughening are observed after exposure in the presence of 
16% BZT and in the absence of BZT. 
 
7.1.1.2 Oxygen depth profiles 
The oxygen depth profiles obtained by sputtering the bare alloy from artificial cells 14a 
− 16a (Figure 7.2) reveal a significant increase in the thickness of the corroded or 
 542 
altered layers on the bare alloy, compared to the natural oxide layer on the control 
specimen (grey profile). The sputtering times needed to reduce the oxygen signals to 
one-half of the peak intensity are presented in Table 7.1. 
 
Table 7.1: Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 14a – 16a. 
Control Cell 14a Cell 15a Cell 16a Cell 10a Cell 23a 
0.82 s 1.16 s 1.15 s 1.12 s 1.25 s 1.04 s 
 
The thickness of the oxidized layers sampled on the bare alloy that was exposed in the 
presence of BZT-doped specimens is greater than or equal to that on the bare alloy from 
reference cell 23a, but significantly less than that on the bare alloy that was exposed in 
the presence of the non-inhibited EPOXY-Al coating. 
The thicknesses increase in the order: 
Control specimen < bare alloy, reference cell < cell 16a (16% BZT) < cell 15a (10% 
BZT) ≤ cell 14a (4% BZT) < cell 10a (non-inhibited). 
Thus, the thickness of the oxidized layer decreases, while the extent of surface 
roughening increases, with increasing proportion of BZT. This suggests that the effect 
of BZT is to limit the thickness of the corroded/altered layer by limiting the extent to 
which oxygen can diffuse through to the substrate surface. This, in turn, suggests the 
formation of a thin, coherent, protective film. 
 
7.1.1.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 14a and 15a 
(green and orange profiles, Figure 7.3) are broadly similar, resembling that of the 
control specimen (grey profile, Figure 7.3), but lacking the initial peak due to a near-
surface concentration of second phase particles in the control specimen. 
The copper depth profile obtained by sputtering the bare alloy from cell 16a (light blue 
profile, Figure 7.3) more closely resembles that of the bare alloy from the reference cell 
(black profile, Figure 7.3), indicating some de-alloying and redistribution of copper in 
the bare alloy exposed in the presence of 16% BZT. 
 
7.1.1.4 Nitrogen depth profiles 
The relative amount of nitrogen sampled when sputtering the corroded layers on the 
bare alloy from artificial cells 14a – 16a, and that from reference cell 23a, is 
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considerably less than that sampled when sputtering the control specimen (Figure 7.4a). 
This suggests diffusion of nitrogen-containing species away from the surface of the bare 
alloy during the artificial cell experiment. 
The relative amount of nitrogen in the corroded layers on the bare alloy from cells 14a – 
16a is also measurably less than that on the bare alloy from the reference cell (Figure 
7.4b). This suggests that diffusion of nitrogen-containing species away from the surface 
of the bare alloy is enhanced in the presence of specimens supporting BZT-doped 
coatings. 
Visual examination of the nitrogen depth profiles in Figure 7.4b does nevertheless 
suggest a moderate increase in the residual amount of nitrogen sampled on the bare 
alloy with increasing proportion of BZT in the coated specimens. Thus, there appear to 
be nitrogen-containing species diffusing in both directions – from the coated specimen 
to the solution to the bare substrate and from the bare substrate to the solution. The 
nitrogen-containing species diffusing away from the bare alloy may be related to 
impurities in the bare alloy (possibly relating to surface pre-treatment involving de-
smutting with nitric acid), while those deposited onto the bare alloy may relate to BZT 
derived from the coated specimens. 
 
7.1.1.5 Chlorine depth profiles 
The thickness of corroded/altered layers containing entrained chloride, indicated by the 
half-peak-widths of the chlorine depth profiles (Figure 7.5), increases in the order: 
Control specimen << cell 14a ≤ cell 15a < bare alloy, reference cell << cell 16a < cell 
10a (uninhibited). 
Thus, a significant amount of chloride is taken up by the bare alloy in the presence of 
16% BZT, compared with 4% – 10% BZT. 
 
7.1.1.6 Sodium depth profiles 
The relative amount of sodium sampled in the corroded/altered layers on the bare alloy 
from cells 14a – 16a is significantly less than that sampled in the natural oxide layer on 
the control specimen (Figure 7.6). By contrast, the amount of sodium sampled in the 
corroded layers on the bare alloy from the reference cell and from cell 10b was 
significantly greater than that sampled in the natural oxide layer on the control 
specimen. Thus, while chloride uptake is enhanced in the presence of BZT, sodium 
uptake is reduced. 
 544 
7.1.1.7 Series a artificial cells: summary and conclusions 
Examination of the aluminium and oxygen depth profiles suggests that the presence of 
specimens supporting the BZT-doped coatings allows the formation of a thin, coherent, 
protective film on the bare alloy during the series a artificial cell experiment. A 
significant amount of chloride is taken up by the corroding bare alloy in the presence of 
16% BZT. 
Examination of the nitrogen depth profiles revealed that nitrogen present in the near-
surface of the non-corroded bare alloy is lost during the running of the artificial cells, a 
small remnant being sampled in the corroded layers. A trend of increasing nitrogen with 
increasing proportion of BZT is suggested, although this is on the limit of resolution. 
 
7.1.2 Elemental depth profiling of the bare alloy from the series b artificial cells 
7.1.2.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the bare alloy from artificial cells 
14b – 16b are presented in Figure 7.7. The aluminium depth profiles obtained by 
sputtering the control specimen and the bare alloy from cells 11b and 23b are also 
presented for reference. 
The aluminium depth profile of the bare alloy from cell 16b (light blue profile, Figure 
7.7) is closely similar to that of the bare alloy from the reference cell (black profile), 
indicating similar extents of surface roughening during 200 h of exposure in the 
presence of 16% BZT and in the absence of a coated specimen. 
The gradients of the aluminium depth profiles obtained by sputtering the bare alloy 
from cells 14b (green profile) and 15b (orange profile) are significantly shallower than 
that of the bare alloy from the reference cell, indicating significantly increased surface 
roughness at the end of 200 h of exposure in the presence of coated specimens doped 
with 4 – 10% BZT. 
 
7.1.2.2 Oxygen depth profiles 
The oxygen depth profiles obtained by sputtering the control specimen, the bare alloy 
from cells 14b – 16b, the reference cell (23b) and cell 11b are presented in Figure 7.8. 
The sputtering times needed to reduce the oxygen signals to one-half of the peak 
intensity are presented in Table 7.2 (p 506). 
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Table 7.2: Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 14b – 16b. 
Control Cell 14b Cell 15b Cell 16b Cell 11b Cell 23b 
0.82 s 1.28 s 1.43 s 1.09 s 1.22 s 1.11 s 
 
Thus, the thickness of the corroded or altered layers increases in the order: 
Control specimen << bare alloy, reference cell (23b) ≈ cell 16b (16% BZT) < cell 11b 
(uninhibited) < cell 14b (4% BZT) < cell 15b (10% BZT). 
Thus, during 200 h of exposure, thicker altered layers are formed in the presence of 4% 
– 10% than in the absence of a coated specimen. 
 
7.1.2.3 Copper depth profiles 
The copper depth profile obtained by sputtering the bare alloy from cell 16b (light blue 
profile, Figure 7.9) is comparable with that of the bare alloy from the reference cell 
(black profile, Figure 7.9), but with the suggestion of a minor residual peak at 2 s of 
sputtering time (comparable with the peak observed when sputtering the control 
specimen). This implies a reduction in the extent of copper de-alloying and 
redistribution during 200 h of exposure in the presence of 16% BZT, compared with 
exposure in the absence of inhibitor. 
The copper depth profiles obtained by sputtering the bare alloy from cells 14b and 15b 
(green and orange profiles, Figure 7.9) suggest a significantly increased extent of copper 
de-alloying and re-distribution in the presence of 4 – 10% BZT, compared with the 
reference cell. 
 
7.1.2.4 Nitrogen depth profiles 
A significant reduction in the relative amount of nitrogen sampled in the near-surface 
layers of the bare alloy is indicated for the specimens from cells 11b, 14b – 16b and 
23b, compared with the control specimen (Figure 7.10a). Thus, as for the series a 
experiment, a net diffusion of nitrogen-containing species away from the bare alloy is 
indicated during the series b experiment. 
In contrast to series a, there is now no clear trend of increasing nitrogen content with 
increasing proportion of BZT (Figure 7.10b). Considering only the specimens exposed 
in the presence of BZT, the greatest relative amount of nitrogen was sampled in the 
altered layer on the specimen from cell 15b (10% BZT). 
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7.1.2.5 Chlorine depth profiles 
The chlorine depth profile obtained by sputtering the bare alloy from cell 15b (orange 
profile, Figure 7.11a) reveals a significantly increased amount of chloride entrained in 
the corrosion products, compared with the bare alloy from reference cell 23b (black 
profile). The chlorine depth profiles obtained by sputtering the bare alloy from cells 14b 
and 16b reveal a moderate increase in the amount of chloride entrained in the corrosion 
products on the bare alloy, compared with reference cell 23b. 
Thus, in the presence of BZT, the altered layer containing the most chloride also 
contained the most nitrogen (Section 7.1.2.4). 
 
7.1.2.6 Series b artificial cells: summary and conclusions 
At the end of 200 h of exposure, the thickness and surface roughness of the 
corroded/altered layers on the bare alloy exposed in the presence of 4 – 16% BZT are 
greater than or equal to those of the corroded layer on the specimen from the reference 
cell. Increased amounts of chloride were sampled in the altered layers formed in the 
presence of various proportions of BZT, compared to the reference specimen. However, 
in contrast to series a, no clear trend of increasing nitrogen content with increasing 
proportion of BZT was indicated for the series b cells. 
In the series a experiment, the coated specimens supported controlled scratches, 
whereas the coated specimens in the series b cells were not scratched. The presence of 
scratches may facilitate the leaching of inhibitor from the coating into solution. 
Alternatively (or additionally), the effectiveness of BZT as a corrosion inhibitor may be 
limited over time. Cells in which coated specimens supported controlled scratches and 
the cells were run for 200 h (series c) are discussed in Section 7.1.4.6. 
 
7.1.3 Elemental depth profiling of the coated specimens from the series b 
artificial cells 
7.1.3.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the coated specimens from 
artificial cells 14b – 16b are presented, along with the profiles of the relevant control 
specimens, in Figure 7.12. A significantly sharper increase in the intensity of the 
aluminium signal is indicated between 200 s and 800 s of sputtering time for the 
specimen from cell 15b (light green profile, Figure 7.12), compared with the relevant 
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control specimen (dark green profile, Figure 7.12). This suggests significant coating 
degradation, possibly involving a bulk loss of coating material, during the artificial cell 
experiment. 
The aluminium depth profile obtained by sputtering the coated specimen from cell 14b 
(orange profile, Figure 7.12) is comparable with the profile obtained by sputtering the 
relevant control specimen (brown profile, Figure 7.12), suggesting little coating 
degradation during the artificial cell experiment. A similar outcome is observed for the 
coated specimen from cell 16b (light blue profile, Figure 7.12) compared with the 
relevant control specimen (dark blue profile, Figure 7.12). 
 
7.1.3.2 Oxygen depth profiles 
The oxygen depth profiles obtained by sputtering the coated specimens from artificial 
cells 14b – 16b are presented, along with the profiles obtained by sputtering the relevant 
control specimens, in Figure 7.13. For improved clarity, only the first 600 s of 
sputtering time are presented. The sputtering times needed to reduce the oxygen signals 
to one-half of the peak intensity are given in Table 7.3. 
 
Table 7.3: Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the coated specimens from artificial cells 14b – 16b and the relevant 
control specimens. 
4% BZT 
(control) 
Cell 14b 
10% BZT 
(control) 
Cell 15b 
16% BZT 
(control) 
Cell 16b 
213 s 168 s 222 s 222 s 324 s 298 s 
 
The half-peak-width of the oxygen signal obtained when sputtering the specimen from 
cell 14b is less than that of the corresponding control specimen, suggesting a thinner 
layer on the specimen from the artificial cell. However, the peak oxygen intensity is 
increased for the specimen from the artificial cell relative to the control specimen. This 
suggests there is little difference in the relative amount of oxygen sampled on the 
specimen from the cell and on the control specimen. The reduced half-peak-width may 
suggest bulk loss of coating material due to coating degradation and flaking during the 
artificial cell experiment. 
Similar observations may be made for the specimen from cell 16b and the relevant 
control specimen. However, no measurable change in the half-peak-width of the oxygen 
signal is indicated for the specimen from cell 15b, compared with the relevant control 
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specimen. Nevertheless, there is a significant increase in the peak oxygen intensity, 
possibly indicating corrosion of the substrate underneath the coating. Adsorption of 
moisture by the coating is a less likely explanation, as this would be expected to lead to 
swelling of the coating and hence an increased half-peak-width for the oxygen signal. 
 
7.1.3.3 Nitrogen depth profiles 
The nitrogen depth profiles obtained by sputtering the coated specimens from artificial 
cells 14b – 16b are presented, along with the profiles obtained by sputtering the relevant 
control specimens, in Figure 7.14. Increased relative amounts of nitrogen are sampled in 
each of the coated specimens from the artificial cells, compared with the relevant 
control specimens. Thus, diffusion of BZT from the coated specimens into solution 
during the artificial cell experiment is not confirmed by examination of the nitrogen 
depth profiles. 
 
7.1.3.4 Coated specimens, series b: summary and conclusions 
Significant coating degradation, possibly involving bulk loss of coating material, is 
indicated for the coatings doped with 4% and 16% BZT. An increased oxygen content 
for the coating doped with 10% BZT, compared with the relevant control specimen, 
may indicate corrosion of the substrate underneath the coating. 
Diffusion of BZT from the coated specimens into solution during the artificial cell 
experiment is not confirmed by examination of the nitrogen depth profiles. It has been 
noted that the bare alloy loses significant amounts of nitrogen during the artificial cell 
experiment, so it is possible that this nitrogen is being adsorbed by the coatings. 
 
7.1.4 Elemental depth profiling of the bare alloy from the series c artificial cells 
7.1.4.1 Aluminium depth profiles 
Examination of the aluminium depth profiles obtained by sputtering the bare alloy from 
cells 14c – 16c (Figure 7.15) indicates that the surface roughness increases in the order: 
Control specimen << cell 15c (10% BZT) < bare alloy, reference cell (23c) < cell 10c 
(uninhibited) < cell 14c (4% BZT) << cell 16c (16% BZT). 
 
7.1.4.2 Oxygen depth profiles 
The oxygen depth profiles of the control specimen and the bare alloy from cells 14c – 
16c and reference cell 23c are presented in Figure 7.16. The sputtering times required to 
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reduce the oxygen signal to one-half the peak intensity when sputtering the control 
specimen and the bare alloy from cells 10c, 14c – 16c, 23c are given in Table 7.4. 
Table 7.4: Sputtering times required to reduce the oxygen signals to one-half the peak 
intensity for the control specimen and the bare alloy from cells 14c – 16c, 11c and 23c. 
Control Cell 14c Cell 15c Cell 16c Cell 11c Cell 23c 
0.82 s 1.20 s 1.07 s 1.40 s 1.25 s 1.11 s 
 
Thus, the thickness of the corroded/altered layer on the bare alloy increases in the order: 
Control specimen << cell 15c ≤ bare alloy, reference cell < cell 14c < cell 10c << cell 
16c. 
 
7.1.4.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 14c – 16 c 
(Figure 7.17) suggest significantly more extensive de-alloying and redistribution of 
copper than that observed for the bare alloy from reference cell 23c. This may indicate 
active corrosion involving trenching around the periphery of second phase particles 
during the artificial cell experiment. 
 
7.1.4.4 Nitrogen depth profiles 
The nitrogen depth profiles (Figure 7.18) indicate a significant loss of nitrogen from the 
bare alloy during the series c artificial cell experiment, compared with the control 
specimen. The bare alloy from cell 16c (16%BZT) displays a higher residual nitrogen 
content than the bare alloy from cells 14c (4% BZT) and 15c (10% BZT). All three 
specimens exposed in the presence of inhibitor reveal higher residual nitrogen than the 
specimen from reference cell 23c and the specimen exposed in the presence of the non-
inhibited coating (cell 10c). These observations suggest that a component of the residual 
nitrogen can be attributed to the presence of BZT derived from the coated specimen. 
 
7.1.4.5 Chlorine depth profiles 
The amount of entrained chloride in the corrosion products, as indicated by the half-
peak-widths of the chlorine depth profiles (Figure 7.19), increases in the order: 
Control specimen << bare alloy, reference cell < cell 14c ≤ cell 16c < cell 15c << cell 
10c.  
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7.1.4.6 Series c artificial cells: summary and conclusions 
The surface roughness of the bare alloy from cells 14c – 16c increases as the thickness 
of the corroded or altered layers increases. Visual examination of the copper depth 
profiles suggests extensive de-alloying and re-distribution of copper within the 
altered/corroded layers. 
A component of the nitrogen sampled when sputtering the bare alloy from cells 14c – 
16c may be attributed to the presence of BZT derived from the coated specimen by 
diffusion. This was not observed for the series b specimens, so that the presence of 
controlled scratches on the series c coated specimens is likely to have been a 
contributing factor in the diffusion of BZT. 
The thinnest layer sampled (cell 15c) was found to contain the highest relative amount 
of entrained chloride. This represents considerably more chloride than that sampled 
when sputtering the bare alloy that was exposed in the absence of a coated specimen 
(reference cell), but considerably less than that sampled on the bare alloy exposed in the 
presence of a non-inhibited coating (cell 10c). The reference cell consisted of bare alloy 
on both sides, so it may be argued that a given amount of chloride is deposited over 
twice the total surface area of bare alloy, compared to a cell containing one bare and one 
coated specimen. The comparison of cells 14c – 16 c with cell 10c may therefore be 
more informative, indicating a reduction in chloride uptake in the presence of BZT. 
In the series a experiment (5 h of exposure in the presence of controlled scratches), the 
coated specimens were found to reduce the intensity of corrosion of the bare alloy, 
relative to the equivalent reference cell (23a) and there was a clear trend of decreasing 
corrosion with increasing concentration of BZT in the coating. The results for series b 
and c suggest that this advantage may be reduced or lost after an extended period of 
exposure, both in the presence and absence of controlled scratches. This may be because 
all the BZT has leached from the coating and has been used up in the inhibition 
mechanism well within the period of exposure for the series b and c experiments. 
Further experiments, involving running artificial cells for various exposure times, would 
be required to discover the time at which the BZT is exhausted. 
 
7.2 AA2024 T3 supporting EPOXY-Al coatings doped with BZT in AluOx 
nanocontainers 
Artificial cells incorporating specimens of the AA2024 T3 alloy supporting the 
EPOXY-Al coating doped with 4%, 10% and 16% BZT encapsulated in AluOx 
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nanocontainers were prepared and three series of experiments were undertaken as 
described in Chapter 3. 
 
7.2.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
7.2.1.1 Aluminium depth profiles 
The aluminium depth profiles obtained when sputtering the bare alloy from artificial 
cells 17a – 19a are presented in Figure 7.20. Also shown are the profiles obtained by 
sputtering the bare alloy from cells 10a, 20a, 23a and the control specimen. It can be 
seen that the surface roughness of the bare alloy increases in the order: 
Control specimen << cell 20a ≤ cell 17a ≤ cell 18a < cell 19a < bare alloy, reference cell 
(23a) ≤ cell 10a. 
This suggests that the intensity of corrosion of the bare alloy in the presence of 
specimens doped with various proportions of BZT in AluOx (cells 17a – 19a) is 
comparable to that in the presence of the empty AluOx containers (cell 20a) and 
significantly less than in the presence of a non-inhibited, AluOx-free coating (cell 10a). 
 
7.2.1.2 Oxygen depth profiles 
The oxygen depth profiles are presented in Figure 7.21 and the sputtering times needed 
to reduce the oxygen signals to one-half of the peak intensity are given in Table 7.5. The 
thickness of the corroded/altered layers increases in the order: 
Control specimen < bare alloy, reference cell < cell 18a = cell 20a ≤ cell 19a < cell 17a 
< cell 10a. 
 
Table 7.5: Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the control specimen and the bare alloy from cells 17a – 20a and 23a. 
Control Cell 17a Cell 18a Cell 19a Cell 20a Cell 10a Cell 23a 
0.82 s 1.18 s 1.08 s 1.09 s 1.08 s 1.25 1.04 s 
 
Thus, the thickness of the corroded/altered layers formed on the bare alloy in the 
presence of various proportions of BZT in AluOx is similar to that formed in the 
absence of a coated specimen. However, the presence of the non-inhibited coating (cell 
10a) resulted in a significantly thicker layer of corrosion products, compared to the 
reference cell. This effect may be due to halving the total exposed surface area when a 
coated specimen is present, so that it is more informative to compare the results for cells 
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17a – 19a with that for cell 10a. This comparison strongly suggests corrosion inhibition 
by BZT derived from the coated specimens. 
 
7.2.1.3 Copper depth profiles 
The copper depth profiles obtained by sputtering the bare alloy from cells 17a and 18a 
are comparable with that obtained by sputtering the control specimen (Figure 7.22). 
This indicates a significant lack of copper de-alloying and redistribution on the bare 
alloy exposed in the presence of 4% – 10% BZT in AluOx. The effect is comparable 
with that observed in the presence of the non-inhibited AluOx containers (cell 20a). 
However, the copper depth profile obtained by sputtering the specimen from cell 19a is 
comparable with those of the bare alloy from the reference cell and the bare alloy 
exposed in the presence of the non-inhibited AluOx-free coating. Thus, doping the 
AluOx with 16% BZT provides little or no reduction in de-alloying and re-distribution 
of copper. 
 
7.2.1.4 Nitrogen depth profiles 
The nitrogen depth profiles obtained by sputtering the bare alloy from artificial cells 17a 
– 19a all reveal a loss of nitrogen compared with the control specimen (Figure 7.23). 
The relative amount of nitrogen sampled is less than that on the bare alloy from cell 10a 
(non-inhibited). There is no clear trend of increasing residual nitrogen with increasing 
proportion of BZT in AluOx. 
 
7.2.1.5 Chlorine depth profiles 
The effect of chloride absorption by the empty AluOx containers can be seen by 
comparing the chlorine depth profiles of the bare alloy from cells 10a and 20a (dark 
blue and dark green profiles, Figure 7.24). When the coated specimen contains no 
AluOx, a significant amount of chloride is entrained in the corrosion products on the 
bare alloy. 
Loading the AluOx with various proportions of BZT gives no further reduction in 
chloride uptake by the bare alloy. The presence of 16% BZT in AluOx (light blue 
profile, Figure 7.24) gives a result closely comparable to the empty AluOx containers, 
suggesting that diffusion of BZT out of the nanocontainers may be followed by chloride 
absorption by the vacated containers. However, the presence of AluOx containers 
loaded with lower proportions of BZT (light green and orange profiles) appears to result 
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in less efficient chloride removal and hence a less significant reduction in chloride 
uptake by the bare alloy. These observations suggest that the higher initial concentration 
of BZT in AluOx favours diffusion of the BZT from the nanocontainers, which is not 
unreasonable. 
 
7.2.1.6 Sodium depth profiles 
The sodium depth profiles obtained by sputtering the bare alloy from cells 17a – 19a 
(Figure 7.25a) all show a significant reduction in the amount of sodium sampled in the 
corrosion products compared to the bare alloy in the presence of the non-inhibited 
coatings (cells 10a and 20a) and the reference cell (23a). Further, the amount of sodium 
sampled on the bare alloy from cells 17a – 19a is significantly less than that on the 
control specimen (grey profile, Figure 7.25a). This suggests that sodium-absorption by 
the AluOx nanocontainers is significantly enhanced in the presence of all proportions of 
BZT investigated. 
 
7.2.1.7 Series a artificial cells: summary and conclusions 
Corrosion inhibition of the bare alloy in the presence of the specimen supporting the 
non-inhibited coating doped with AluOx nanocontainers was noted in Chapter 5 and 
was attributed to the ability of the empty nanocontainers to absorb chloride ion from the 
solution. In the present chapter it is evident that no further reduction in the intensity of 
corrosion of the bare alloy (as indicated by surface roughness) is obtained when the 
AluOx is loaded with various proportions of BZT (Section 7.2.1.1). However, a 
significant reduction in the thickness of the corroded or altered layers is indicated in the 
presence of BZT/AluOx, compared to the presence of the non-inhibited, AluOx-free 
coating. The increased surface roughness and reduced layer thickness may suggest the 
presence of a protective altered layer on the bare alloy in the presence of BZT/AluOx. 
The deposition of BZT onto the bare alloy during the artificial cell experiment is not 
confirmed by examination of the nitrogen depth profiles. 
In Chapter 5, it was suggested that the empty AluOx containers adsorb chloride ion and 
sodium ion. In the present chapter, no improvement in the chloride adsorption capability 
of the AluOx is indicated, but sodium ion adsorption is significantly enhanced in the 
presence of BZT, perhaps with sodium ions being adsorbed as the BZT is released. 
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7.2.2 Elemental depth profiling of the bare alloy from the series b artificial cells 
7.2.2.1 Aluminium depth profiles 
The aluminium depth profiles obtained when sputtering the bare alloy from artificial 
cells 17b – 19b, 11b, 20b, 23 b and the control specimen are presented in Figure 7.26. 
The gradients of the profiles suggest increasing surface roughness, associated with the 
formation of a corroded/altered layer in the order: 
Control specimen << cell 20b ≤ cell 23b (reference) < cell 18b < cell 11b ≤ cell 17b << 
cell 19b. 
Thus, the surface roughness of the bare alloy exposed for 200 h in the presence of 
AluOx loaded with various proportions of BZT is greater than that of the bare alloy 
from reference cell 23b. The surface roughness developed in the presence of 
BZT/AluOx is also greater than that in the presence of the empty AluOx containers. 
Nevertheless, the presence of 10% BZT in AluOx (cell 18b) leads to a reduction in 
surface roughness of the bare alloy when compared to that exposed in the presence of 
the non-inhibited AluOx-free coating (cell 11b). 
 
7.2.2.2 Oxygen depth profiles 
The oxygen depth profiles obtained when sputtering the bare alloy from artificial cells 
17b – 19b, 11b, 20b, 23b and the control specimen are presented in Figure 7.27. The 
sputtering times needed to reduce the oxygen signals to one-half of the peak intensity 
are presented in Table 7.6. The thickness of the corroded/altered layers on the bare alloy 
increases in the order: 
Control specimen < bare alloy, reference cell < cell 20b < cell 17b < cell 18b ≤ cell 11b 
< cell 19b 
 
Table 7.6: Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the control specimen and the bare alloy from cells 17b – 20b and 23b. 
Control Cell 17b Cell 18b Cell 19b Cell 20b Cell 11b Cell 23b 
0.82 s 1.17 s 1.21 s 1.38 s 1.15 s 1.22 1.11 s 
 
Thus, the thickness of the corroded/altered layers on the bare alloy increases with 
increasing proportion of BZT in AluOx. This may indirectly indicate the presence of 
BZT in the altered layers, such that thick, coherent, protective layers are being formed. 
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7.2.2.3 Copper depth profiles 
The copper depth profiles of the bare alloy from cells 17b – 19b (Figure 7.28) all 
suggest significant de-alloying and re-distribution of copper between the aluminium-
rich matrix and the copper-rich second phase particles. A minor reduction in the extent 
of copper re-distribution is observed in the presence of the empty AluOx containers 
(dark green profile, Figure 7.28) compared with the bare alloy from the reference cell 
(black profile, Figure 7.28). In contrast, the presence of 16% BZT in AluOx (light blue 
profile, Figure 7.28) allows a significantly increased extent of copper re-distribution, 
compared with both the absence of a coated specimen (cell 23b, black profile) and in the 
presence of the non-inhibited AluOx-free coating (cell 11b, dark blue profile, Figure 
7.28). 
 
7.2.2.4 Nitrogen depth profiles 
The bare alloy from cells 17b – 19b each reveal a significant decrease in the amount of 
nitrogen sampled during GDOES sputtering, compared with the control specimen 
(Figure 7.29a). The residual amount of nitrogen detected on the bare alloy from cell 19b 
(light blue profile, Figure 7.29b) and, to a lesser extent, cell 17b (light green profile, 
Figure 7.29b), is greater than that on the bare alloy from the reference cell (black 
profile, Figure 7.29b). However, there is no clear trend of increasing residual nitrogen 
with increasing BZT. 
 
7.2.2.5 Chlorine depth profiles 
The amounts of chloride entrained in the corrosion products on the bare alloy from cells 
17b, 18b and 19b are comparable to that on the bare alloy from the reference cell 
(Figure 7.30). This represents significantly less chloride than was sampled on the bare 
alloy that was exposed in the presence of the non-inhibited, AluOx-free coating (cell 
11b, dark blue profile, Figure 7.30). This reduction in the amount of entrained chloride 
on the bare alloy is not as significant as that observed in the presence of the coated 
specimen doped with empty AluOx containers (cell 20b, dark green profile, Figure 
7.30). Thus, the extent of chloride adsorption by the AluOx containers is reduced in the 
presence of BZT. 
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7.2.2.6 Sodium depth profiles 
The sodium depth profiles in Figure 7.31 reveal a significant trend of increasing amount 
of sodium entrained in the corrosion products on the bare alloy with increasing 
proportion of BZT (in AluOx) in the coated specimens. This suggests that the extent of 
sodium adsorption by the AluOx containers is reduced in the presence of BZT. 
However, it should also be noted that the bare alloy from cell 19b showed the greatest 
extent of surface roughening (Section 7.2.2.1), so that the significant relative amount of 
sodium sampled on this specimen may be due to inefficient removal of sodium chloride 
when cleaning the specimen surface with de-ionised water after the artificial cell 
experiment. 
 
7.2.2.7 Series b artificial cells: summary and conclusions 
The results of the series b experiment are broadly consistent with those of the series a 
experiment. In terms of a reduction in surface roughness of the bare alloy, a loading of 
10% BZT in AluOx is again more effective than either 4% or 16%. At the end of 5 h 
(series a) all three concentrations of BZT in AluOx gave a reduction in surface 
roughness of the bare alloy compared with the presence of the non-inhibited, AluOx-
free coating. During 200 h (series b) only the presence of 10% BZT in AluOx continued 
to provide such a reduction in surface roughness. 
The thickness of the corroded/altered layer on the bare alloy increases with increasing 
proportion of BZT in AluOx, which may indirectly indicate the presence of BZT in the 
altered layers. The chloride and sodium absorption capacity of the AluOx containers is 
found to be reduced in the presence of BZT, compared to the presence of empty AluOx 
containers. 
 
7.2.3 Elemental depth profiling of the coated specimens from the series b 
artificial cells 
7.2.3.1 Aluminium depth profiles 
The aluminium depth profile obtained by sputtering the coated specimen from cell 17b 
(orange profile, Figure 7.32) is closely comparable with that from the relevant control 
specimen (EPOXY-Al 4BZT 10AluOx, brown profile, Figure 7.32). This suggests little 
or no coating degradation during the artificial cell experiment, indicating good barrier 
properties for this coating. 
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Similar comments can be made for the coated specimen from cell 19b (light blue 
profile) and the relevant control specimen (EPOXY-Al 16BZT 10AluOx, dark blue 
profile). 
However, the aluminium depth profile obtained by sputtering the coated specimen from 
cell 18b reveals a significant reduction in coating thickness after the artificial cell 
experiment (light green profile, Figure 7.32) compared with the relevant control 
specimen (EPOXY-Al 10BZT 10AluOx, dark green profile, Figure 7.32). This is 
comparable with the result of the series b cells incorporating BZT in the absence of 
AluOx. 
 
7.2.3.2 Oxygen depth profiles 
The oxygen depth profiles in Figure 7.33 reveal increased relative amounts of oxygen 
(areas under the profiles) sampled when sputtering the coated specimens from artificial 
cells 17b – 19b, compared to the relevant control specimens. This may suggest the 
formation of a corroded or altered layer at the base of the coating. 
The thickness of the coatings, indicated by the half-peak-widths of the profiles, is 
relatively unaffected by the artificial cell experiment, except for the coating doped with 
10% BZT in AluOx (where a bulk loss of coating material is indicated). 
 
7.2.3.3 Nitrogen depth profiles 
Increased relative amounts of nitrogen are sampled when sputtering the coated 
specimens from cells 17b – 19b, by comparison with the relevant control specimens 
(Figure 7.34). This may correlate with the net diffusion of nitrogen away from the bare 
alloy during the artificial cell experiment (Section 7.2.2.4). 
 
7.2.3.4 Coated specimens, series b: summary and conclusions 
GDOES profiling of the coated specimen doped with 10% BZT in the presence of 
AluOx has revealed bulk loss of the coating material and/or coating degradation during 
200 h of exposure to 35 gl
-1
 NaCl solution in the artificial cells. Thus, the moderate 
improvements in corrosion inhibition on the bare alloy may be due to release of BZT 
during bulk disruption of the coating, rather than diffusion of BZT from a stable 
coating. 
The coatings doped with 4% and 16% BZT in AluOx demonstrate good barrier 
properties during the series b experiment. 
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7.2.4 Elemental depth profiling of the bare alloy from the series c artificial cells 
7.2.4.1 Aluminium depth profiles 
The aluminium depth profiles obtained when sputtering the bare alloy from cells 17c – 
19c are presented in Figure 7.35. Also presented are the aluminium depth profiles 
obtained by sputtering the bare alloy from cells 10c, 20c, 23c and the control specimen. 
The extent of surface roughening associated with corrosion or near-surface alteration of 
the bare alloy increases in the order: 
Control specimen << cell 23c (reference) ≤ cell 10c < cell 17c < cell 20c < cell 18c ≤ 
cell 19c. 
A clear trend of increasing surface roughness of the bare alloy with increasing 
proportion of BZT (in AluOx) is evident. 
 
7.2.4.2 Oxygen depth profiles 
The oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 from 
cells 17c – 19c, 10c, 11c, 23c and the control specimen are presented in Figure 7.36. 
The sputtering times needed to reduce the oxygen signals to one-half of the peak 
intensity are presented in Table 7.7. 
 
Table 7.7: Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the control specimen and the bare alloy from cells 17c – 19c, 10c, 20c and 
23c. 
Control Cell 17c Cell 18c Cell 19c Cell 20c Cell 10c Cell 23c 
0.82 s 1.19 s 1.48 s 1.49 s 1.40 s 1.25 1.11 s 
 
The thickness of the corroded or altered layers increases in the order: 
Control specimen < cell 23c (reference) < cell 17c < cell 10c < cell 20c < cell 18c ≤ cell 
19c. 
Thus, considering only the specimens exposed in the presence of inhibitor, the surface 
roughness (Section 7.2.4.1) increases as the thickness of the altered layer increases, i.e. 
with increasing proportion of BZT. 
 
7.2.4.3 Copper depth profiles 
The copper depth profiles (Figure 7.37) suggest that the extent of copper de-alloying 
and re-distribution increases in the order: 
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Control specimen << cell 10c ≤ bare alloy, reference cell (23c) < cell 17c << cell 20c ≤ 
cell 18c ≤ cell 19c. 
Thus, for the specimens exposed in the presence of inhibitor, the extent of copper de-
alloying increases with increasing proportion of BZT.  
 
7.2.4.4 Nitrogen depth profiles 
The nitrogen depth profiles obtained by sputtering the bare alloy from cells 17c – 19c 
(Figure 7.38a) each reveal a significant loss of nitrogen when compared with the control 
specimen. However, there is a clear trend of increasing residual nitrogen in the near-
surface region, with increasing proportion of BZT in the coated specimens (Figure 
7.38b). In each case, the peak intensity of nitrogen is higher than that observed when 
sputtering the bare alloy from the equivalent series b cells. These observations suggest 
that, for the series c specimens, the residual nitrogen may represent BZT derived by 
diffusion from the coated specimens. Thus, the presence of controlled scratches on the 
coated specimens in series c appears to favour diffusion of BZT, leading to a more 
clearly defined trend than that observed after the same exposure time in the absence of 
controlled scratches (series b). 
 
7.2.4.5 Chlorine depth profiles 
A significant reduction in the amount of chloride entrained in the corroded/altered layer 
is indicated for the bare alloy from cells 17c – 19c compared with that from cell 10c, in 
which the coated specimen was non-inhibited and contained no AluOx (Figure 7.39a). 
 
7.2.4.6 Sodium depth profiles 
A significantly increased relative amount of sodium was entrained in the 
corroded/altered layer on the bare alloy from cell 19c (light blue profile, Figure 7.40a) 
compared with cells 17c and 18c (light green and orange profiles, Figure 7.40b). 
Further, the amount of sodium entrained in the corroded/altered layer on the bare alloy 
from cells 17c and 18c is significantly less than that on the bare alloy from the reference 
cell (black profile, Figure 7.40b) or that exposed in the presence of the non-inhibited, 
AluOx-free coating (dark blue profile, Figure 7.40b). 
As with cell 19b, the bare alloy from cell 19c has both the roughest surface and the 
greatest relative amount of entrained sodium. However, here, the difference in surface 
roughness between cells 18c and 19c is insignificant compared with the difference in 
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the relative amounts of entrained sodium. This suggests that the difference in the 
amounts of sodium is unlikely to be entirely due to retention of sodium chloride by the 
rough surface during cleaning with de-ionized water after the experiment. 
 
7.2.4.7 Series c artificial cells: summary and conclusions 
The gradients of the aluminium depth profiles of the bare alloy exposed in the presence 
of 0%, 4%, 10% and 16% BZT in 10% AluOx are all significantly steeper than those of 
the bare alloy exposed in the presence of the non-inhibited, AluOx-free coating. This 
may indicate the presence of corrosion products or altered surface layers incorporating 
BZT. The nitrogen depth profiles provide possible evidence for the presence of BZT in 
the altered near-surface layers. 
 
7.3 Characterisation 
7.3.1 Visual inspection 
Bare alloy, series a Photographic images of the bare alloy before and after use in 
artificial cells 10a, 14a – 20a and 23a are presented in Figure 7.41. There is little or no 
discolouration evident on the surface of the specimens after the artificial cell 
experiment, with the alloy retaining a high level of reflectivity. 
Careful inspection of the bare alloy after use in cells 17a – 19a (Figure 7.41 f – h) 
reveals the presence of faint grey-white flecks and streaks of corrosion product. Such 
features are less evident on the bare alloy from cells 14a – 16 a (Figure 7.41 c – e). By 
comparison, the bare alloy from the reference cell (23a) reveals clearly defined patches 
of corrosion product. 
 
Bare alloy, series b After use in cells 14b – 20b, the bare alloy displays intense surface 
discolouration (Figure 7.42). Pits are clearly visible on the bare alloy from cells 14b – 
17b (Figure 7.42 c – f). The presence of smaller pits on the bare alloy from cells 18b – 
20b and 22b is suggested by the presence of thin white rings (Figure 7.42 g – j). The 
rings may be sites of localized intergranular corrosion. 
 
Bare alloy, series c The bare alloy from cells 14c – 20c (Figure 7.43) display 
significantly stronger surface discolouration than the specimens from the equivalent 
series b artificial cells. A larger population of pits is observed on each of the series c 
specimens, compared with the equivalent series b specimen. 
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Coated specimens, series b Photographic images of the specimens supporting the 
EPOXY-Al coating doped with 4 – 16 % BZT in the absence of AluOx, acquired before 
and after use in artificial cells 14b – 16b, are presented in Figure 7.44. The specimen 
supporting the non-inhibited EPOXY-Al 10EtOH coating, acquired before and after use 
in cell 11b, is also presented for comparison. A white band is clearly visible across the 
middle of the specimen from cell 14b (Figure 7.44d), possibly indicating corrosion 
underneath the coating. 
Images of the specimens supporting the EPOXY-Al coating doped with 4 – 16 % BZT 
in 10% AluOx, acquired before and after use in cells 17b – 19b, are presented in Figure 
7.45. The specimen supporting the EPOXY-Al coating doped with 10% AluOx in the 
absence of BZT, before and after use in cell 20b, is also presented for comparison. A 
defect containing brown corrosion product is visible on the specimen from cell 20b 
(arrow, Figure 7.45h). 
Figures 7.44 and 7.45 demonstrate that all the coated specimens are subject to surface 
discolouration after use in the series b artificial cell experiment. 
 
7.3.2 Optical Microscopy 
Optical micrographs of the control specimen (bare AA2024 T3, non-corroded) at 
magnification factors of x 5, x 20 and x 80, are presented in Figure 7.46. In the 
following sections, these are compared with the optical micrographs of the bare alloy 
from the artificial cells. 
 
7.3.2.1 Bare alloy from the series a artificial cells 
Reference cell 23a At low magnification, no clearly defined pits were observed on the 
bare alloy from the reference cell (23a), although the surface revealed a patchy 
appearance (Figure 7.47a). At moderate magnification, rings of aluminium hydroxide 
were observed to be associated with intergranular corrosion (Figure 7.47b). Small pits 
were observed at the centres of some of the rings. At higher magnification, some of the 
second phase particles appear discoloured and are surrounded by clearly-defined brown 
rings (Figure 7.47c), suggesting re-distribution of copper between the second phase 
particles and the matrix. Other second phase particles remain untarnished and highly 
reflective in appearance. 
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Cell 14a After use in artificial cell 14a, pits (approximately 100 µm in size) are present 
on the surface of the bare alloy (Figure 7.48a). At moderate magnification, clumps of 
corrosion product (aluminium hydroxide) can be seen surrounding a pit (bottom left, 
Figure 7.48b). At higher magnification, the matrix is comparable with that of the control 
specimen (Figure 7.46c). A small proportion of the second phase particles appear 
discoloured but, in contrast to the bare alloy from reference cell 23a, these second phase 
particles are not associated with brown rings (Figure 7.48c). Thus, a reduction in the 
extent of pitting of the matrix and re-distribution of copper between the matrix and 
second phase particles is indicated, by comparison with the specimen from the reference 
cell. 
 
Cell 15a At low magnification, no pits were observed on the bare alloy from cell 15a 
(Figure 7.49a). At moderate to high magnification, some of the second phase particles 
appear discoloured and are surrounded by faint brown rings (Figure 7.49b and c). Thus, 
reduced pitting of the matrix, but with more extensive re-distribution of copper between 
the matrix and the second phase particles, is indicated in comparison with the specimen 
from cell 14a. Nevertheless, both pitting and copper re-distribution remain less 
significant than for the bare alloy from the reference cell (Figure 7.47b and c). 
 
Cell 16a Clearly defined pits were not observed on the specimen from cell 16a, 
although at low magnification the surface revealed a blotchy appearance that may 
represent nascent pits (Figure 7.50a). At moderate magnification, isolated faint rings of 
corrosion product (aluminium hydroxide) were visible on the matrix (indicated by the 
white arrow in Figure 7.50b). A small proportion of the second phase particles appear 
discoloured and are surrounded by brown rings (Figure 7.50c). These observations 
suggest more extensive re-distribution of copper and more advanced corrosion of the 
aluminium-rich matrix, compared with the specimen from cell 15a. However, corrosion 
of the matrix is not as advanced as that of the specimen from cell 14a, which displays 
extensive pitting. 
 
Cell 17a The low-magnification optical micrograph of the bare alloy from cell 17a 
(Figure 7.51a) reveals the presence of faint rings of corrosion product (aluminium 
hydroxide, arrow numbered 1) and of isolated pits (arrow numbered 2). At moderate 
magnification, a small pit surrounded by clumps of aluminium hydroxide is visible in 
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the lower left of the image in Figure 7.51b. At higher magnification, a moderate 
proportion of the second phase particles appear discoloured and are surrounded by faint 
brown rings (Figure 7.51c). The appearance of the second phase particles is comparable 
with those on the bare alloy from cell 15a, but the specimen from cell 17a displays more 
advanced corrosion of the aluminium matrix. 
 
Cell 18a The presence of pits was not detected on the bare alloy from cell 18a. 
However, at low magnification, the surface revealed a patchy appearance (Figure 
7.52a), possibly indicating nascent pitting. Faint patches, possibly aluminium 
hydroxide, are visible at moderate magnification in Figure 7.52b. At higher 
magnification, a small proportion of the second phase particles appear discoloured and 
are surrounded by clearly-defined (Figure 7.52c). These characteristics are similar to 
those observed on the bare alloy from cell 16a. 
 
Cell 19a At low magnification, the bare alloy from cell 19a (Figure 7.53a) appears 
similar to that of the bare alloy from cell 18a (Figure 7.53a). At moderate magnification, 
clearly defined arcs and rings of aluminium hydroxide are visible on the bare alloy from 
cell 19a (arrows, Figure 7.53b). At higher magnification, some of the second phase 
particles appear discoloured and are surrounded by brown rings (Figure 7.53c). 
 
7.3.2.2 Bare alloy from the series b artificial cells 
Reference cell 23b At low magnification (x 5), the optical micrographs of the bare alloy 
from reference cell 23b (Figure 7.54) reveal the presence of numerous large pits 
(approximately 100 µm in size) and rings of corrosion product (aluminium hydroxide). 
Interference colours reveal the presence of a thin film (Figure 7.54c). Pitting of the bare 
alloy from cell 23b is significantly more extensive than that of the bare alloy from cell 
23a (Figure 7.47a). 
At a moderate magnification (x 20), a large deposit of aluminium hydroxide is visible, 
possibly obscuring a pit (Figure 7.55a). Toward the lower left of the image there is 
evidence of intergranular corrosion (black arrow). Thin rings of corrosion product are 
also present; some displaying strong interference colours (Figure 7.55b, c). 
At higher magnification (x 80), the deposit of aluminium hydroxide is resolved into an 
aggregate of small particles (Figure 7.56a, c). All the second phase particles and the 
surrounding matrix appear strongly discoloured, suggesting extensive de-alloying and 
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re-distribution of copper (Figure 7.56b). This is in contrast to the bare alloy from the 
series a reference cell (Figure 7.47c), where many of the secondary particles retain a 
metallic lustre. 
 
Cell 14b Examination of the surface of the bare alloy from cell 14b at low magnification 
(Figure 7.57) reveals the presence of numerous pits in a wide range of sizes, the largest 
being approximately 400 µm across (including the associated deposits of corrosion 
product). The smaller pits are more numerous, and the surrounding corrosion products 
(when present) are more extensive, than those on the bare alloy from the reference cell 
(Figure 7.47a). Where deposits of aluminium hydroxide are absent, there is evidence of 
intergranular corrosion; many elongated rings and bands of corrosion product are 
visible, while extensive areas of the matrix display strong interference colours (Figure 
7.57b, c). 
At moderate magnification (x 20), a mound of corrosion product is seen to be 
surrounded by an extended ring consisting of particles of aluminium hydroxide (Figure 
7.58a). Where deposits of corrosion product are absent, elongated pits associated with 
intergranular corrosion are revealed (Figure 7.58b). An area of intense intergranular 
corrosion can be seen in the upper left of the image in Figure 7.58c. This area is 
associated with patches of intense brown discolouration, suggesting significant de-
alloying of copper. However, the second phase particles do not appear discoloured. 
The area of intense intergranular corrosion is imaged at higher magnification (x80) in 
Figure 7.59c. An extended arc of such corrosion (less intense) is imaged in Figure 
7.59a, while Figure 7.59b reveals matrix littered with small particles of corrosion 
product. 
These observations suggest more extensive pitting and intergranular corrosion of the 
aluminium-rich matrix, along with more extensive de-alloying and re-distribution of 
copper, compared with the reference cell (23b). 
 
Cell 15b Fewer pits were observed on the surface of the bare alloy from cell 15b (Figure 
7.60a), compared with cell 14b (Figure 7.59a). The maximum pit size, in the case of cell 
15b, was approximately 200 µm, although some of the pits appear elongated and are 
associated with intergranular corrosion. 
At higher magnifications (x 20 and x 80) mounds of corrosion product such as those on 
the bare alloy from cells 14b and 23b were not observed on the bare alloy from cell 15b. 
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Figure 7.60b reveals a pit un-obscured by corrosion product and surrounded by a ring of 
matrix which is significantly less discoloured than the matrix further away from the pit 
(at a distance of 100 - 600 µm). This may be suggestive of the action of inhibitor 
(derived from the coated specimen in the artificial cell). 
At a moderate magnification (x 20), three distinct areas of matrix are imaged, each 
displaying significantly different intensities of corrosion (Figures 7.61 a – d). 
At higher magnification (x 80) some isolated patches of corrosion product are visible 
(arrows, Figure 7.62b), along with localised regions of intergranular corrosion (Figure 
7.62c). As was observed for the bare alloy from cell 14b, the second phase particles on 
the bare alloy from cell 15b are generally not discoloured (Figure 7.62a). Thus, it 
appears that inhibitor species (BZT) from the coated specimen in cell 15b acts to limit 
the extent of pitting, to retard the growth of active pits, and limit the de-alloying and re-
distribution of copper. However, there is some evidence to suggest that these inhibiting 
effects act only on localised areas of the alloy and may allow an increased activity on 
other areas. 
 
Cell 16b Clusters of small pits such as those observed on the bare alloy from cells 14b, 
15b and 23b are not observed on the bare alloy from cell 16b. Instead, a few isolated 
large pits (approximately 1000 µm) are present (e.g. Figure 7.63a). Rings of corrosion 
product (e.g. Figure 7.63b) are also less common, except in the more intensively 
corroded area seen at the bottom right of the specimen in the photographic image 
(Figure 7.42e). The optical micrograph of this area (Figure 7.63c) reveals clusters of pits 
similar to those on the bare alloy from cell 15b, along with rings of corrosion product 
and strongly discoloured matrix. 
Three areas of matrix are imaged at moderate magnification (x 20) in Figure 7.64. At 
the edge of a large pit (Figure 7.64a) a haze of corrosion product can be seen to be 
associated with intergranular corrosion. Figure 7.64b reveals a thin line of intergranular 
corrosion on an area of generally non-corroded matrix. In Figure 7.64c, an area of 
intensely corroded matrix displays interference colours and extensive intergranular 
corrosion. Here, the second phase particles appear discoloured. 
At higher magnification (x 80, Figure 7.65) the second phase particles are seen to be 
surrounded by faint brown rings, suggesting limited re-distribution of copper. 
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Thus, a higher proportion of BZT (compared to cell 15b) has further reduced the extent 
of pitting and corrosion of the matrix, but some re-distribution of copper is now 
observed. 
 
Cell 17b At low magnification (x 5) isolated rings of corrosion product (Figure 7.66a) 
and pits of size 100 – 200 µm (Figure 7.66b) are imaged on the bare alloy from cell 17b. 
Pits are generally single or in pairs – groups such as those observed on the bare alloy 
from cells 14b, 15b and 23b are not observed on the bare alloy from cell 17b. 
The intensely corroded area visible at the upper right of the specimen in the 
photographic image (Figure 7.42f) is imaged in Figure 7.66c. Here, the matrix is 
strongly discoloured, with numerous bands and rings of corrosion product. 
At moderate magnification (x 20) groups of second phase particles appear discoloured 
and are surrounded by extensive brown patches (Figure 7.67a), suggesting extensive re-
distribution of copper. 
Part of a ring of intergranular corrosion in an area of otherwise non-corroded matrix is 
imaged in Figure 7.67b. Small pits (approximately 100 µm), with their centres obscured 
by mounds of corrosion product, are imaged in Figure 7.67c. 
At higher magnification, a mound of corrosion product at the edge of a pit is resolved 
into a cluster of small particles (Figure 7.68a). A smaller mound of aluminium 
hydroxide is imaged in Figure 7.68b, in which the matrix is seen to contain discoloured 
second phase particles. In the intensely corroded area near the top of the specimen, 
extensive intergranular corrosion is evident (Figure 7.68c). 
Thus, corrosion of the aluminium-rich matrix, along with re-distribution of copper, on 
the bare alloy from cell 17b is comparable with that observed on the bare alloy from cell 
16b. 
 
Cell 18b Numerous groups and pairs of pits (approximately 100 µm) along with clusters 
of small pits were observed on the bare alloy from cell 18b (Figure 7.69b, c). Some pits 
were surrounded by elongated rings of intergranular corrosion (Figure 7.69a). 
At moderate magnification, part of a ring of intergranular corrosion is imaged in an area 
of otherwise non-corroded matrix (Figure 7.70a). In Figure 7.70b, a dark mound of 
corrosion product is visible (possibly centred over a pit). The intensely corroded area 
visible near the top of the specimen in the photographic image (Figure 7.42g) is imaged 
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at a magnification factor of x 20 in Figure 7.70c. Extensive intergranular corrosion is 
evident here. 
At high magnification, intergranular corrosion of the matrix and discolouration of 
secondary particles are again evident (Figure 7.71a). A small pit, partly obscured by a 
mounds and particles of aluminium hydroxide, is imaged in Figure 7.71b. Figure 7.71c 
reveals the centre of a larger pit associated with intergranular corrosion. 
Thus, corrosion of the matrix and re-distribution of copper on the bare alloy from cell 
18b is comparable with that observed on the bare alloy from cells 16b and 17b. 
 
Cell 19b The optical micrographs of the bare alloy from cell 19b reveal the presence of 
isolated large pits (500 µm) and clusters of smaller pits (100 µm), often surrounded by 
elongated rings of intergranular corrosion (Figure 7.72a, b). Figure 7.72c presents an 
area of matrix close to the intensely corroded area visible at the bottom of the specimen 
in the photographic image (Figure 7.42h). Here, the matrix displays strong interference 
colours. 
At moderate magnification (x 20) Figure 7.73a presents a pit which is un-obscured by 
corrosion products, while Figure 7.73b shows a dense mound of aluminium oxide which 
is probably centred over a pit. Within the intensely corroded area at the bottom of the 
specimen, intense interference colours and strongly-defined rings of intergranular 
corrosion are observed (Figure 7.73c). 
At high magnification, clusters of aluminium hydroxide particles at the edge of a pit are 
imaged in Figure 7.74a. Discoloured secondary particles can be seen in the matrix. A 
localised area of intergranular corrosion is imaged in Figure 7.74b. 
 
7.3.2.3 Bare alloy from the series c artificial cells 
Reference cell 23c The optical micrographs of the bare alloy from reference cell 23c, 
presented in Figure 7.75, reveal the presence of large pits (approximately 500 µm 
across, including the surrounding corrosion products) and thin rings of corrosion 
product (aluminium hydroxide). In the more intensely corroded areas (e.g. in the upper 
one-third of the specimen in Figure 7.43j) the matrix displays interference colours 
(Figure 7.75b). 
At moderate magnification (x 20), regions of localized intergranular corrosion are 
observed (Figure 7.76a) and numerous particles of aluminium hydroxide are associated 
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with pitting (Figure 7.76b). The majority of the second phase particles are discoloured, 
but no surrounding rings of re-deposited copper were observed. 
Intergranular corrosion, closely associated with pitting, is imaged at higher 
magnification (x 80) in Figure 7.77a. The matrix near the pit displays a fine granular 
texture (Figure 7.77b) and distinct green interference colours are visible surrounding 
some of the discoloured second phase particles (Figure 7.77b, c), probably indicating 
the presence of a thin film of re-deposited copper. 
 
Cell 14c Optical micrographs of the bare alloy from cell 14c reveal the presence of large 
pits (Figure 7.78a) and rings of corrosion product (Figure 7.78b), comparable with those 
on the bare alloy from the reference cell (23c).  
At moderate magnification (x 20) the presence of a thin film between two arcs of 
corrosion product is made evident by faint interference colours (Figure 7.79a). 
Numerous particles of corrosion product, probably overlying a pit, are imaged in Figure 
7.79b. 
At higher magnification (x 80), some of the second phase particles are seen to be 
discoloured, while others retain a metallic lustre (Figure 7.80a). Intergranular corrosion 
associated with pitting is evident in Figure 7.80b. 
Thus, corrosion of the matrix of the bare alloy from cell 14c appears similar to that of 
the bare alloy from the reference cell (23b), although there is some evidence for a 
reduction in the de-alloying and redistribution of copper. 
 
Cell 15c Large pits (approximately 500 µm) and rings of corrosion product can be seen 
at low magnification (x 5) in the optical micrographs of the bare alloy from cell 15c 
(Figure 7.81). At moderate magnification (x 20), numerous mounds and smaller 
particles of corrosion product (Figure 7.82a) and arcs of intergranular corrosion (Figure 
7.82b) are imaged. Intergranular corrosion near the centre of a pit is imaged at higher 
magnification (x 80) in Figure 7.83a. A segment of an arc of intergranular corrosion is 
seen in Figure 7.83b, while Figure 7.83c shows the matrix in which some of the second 
phase particles are discoloured. 
The corrosion characteristics of the bare alloy from cell 15c are comparable with those 
of the bare alloy from cell 14c. 
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Cell 16c Numerous isolated pits (approximately 400 µm) and clusters of rings are 
observed on the bare alloy from cell 16c (Figure 7.84). Large mounds and numerous 
small particles of corrosion product (aluminium hydoxide) are seen to be associated 
with the pits (Figure 7.85). Intergranular corrosion of the matrix near a pit is imaged in 
Figure 7.86a. An area of the matrix at a magnification factor of x 80 reveals some 
discoloured second phase particles, while others retain a metallic lustre (Figure 7.86c). 
The observed corrosion characteristics of the bare alloy from cell 16c are comparable to 
those of the bare alloy from cells 14c and 15c. All three specimens revealed pitting and 
intergranular corrosion of the matrix comparable to that of the bare alloy from the 
reference cell, buy with limited de-alloying and re-distribution of copper. 
 
Cell 17c Pitting of the bare alloy from cell 17c was less extensive than that of the bare 
alloy from cells 14c – 16c. The optical micrographs in Figure 7.87 indicate a small 
number of isolated pits (approximately 400 µm) but numerous rings of corrosion 
product. Some of the rings were significantly elongated, with small pits at one extremity 
(e.g. Figure 7.87b). At higher magnifications, the arcs are seen to be regions of 
intergranular corrosion (Figures 7.88a and 89a). Discolouration of some, but not all, 
second phase particles is evident in Figure 7.89c. 
 
Cell 18c Fewer and smaller pits on average (approximately 300 µm) were observed on 
the bare alloy from cell 18c (e.g. Figures 7.90a and 7.91c), compared with cell 17c. 
Arcs and rings are present, but less pronounced, on the bare alloy from cell 18c (Figure 
7.90c, d). In the more intensely corroded region (upper one-third of the specimen, 
Figure 7.42g), the matrix shows interference colours indicating a thin veneer of 
corrosion product (Figures 7.90c, 791a and 7.92a). Even in this area of intensely 
corroded matrix, not all of the second phase particles are discoloured (Figure 7.92a). 
 
Cell 19c A broader range of pit sizes is observed on the bare alloy from cell 19b, with 
the pits appearing in clusters as well as individually (Figure 7.93). Rings and arcs of 
corrosion product are again present. Features of the pits (Figures 7.94 and 7.95) are 
comparable with those observed for the bare alloy from the other cells. 
Thus, pitting of the bare alloy from cells 17b and 18b is moderately limited compared 
with cells 14b – 16b. This effect is reversed to some extent for the bare alloy from cell 
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19b. All the series c specimens discussed in this section indicate limited copper de-
alloying and re-distribution, compared with the bare alloy from reference cell 23c. 
 
7.3.2.4 Coated specimens from the series b artificial cells 
Cell 14b Optical micrographs of the specimen supporting the EPOXY-Al 4BZT 
coating, acquired before and after use in artificial cell 14b, are presented in Figures 7.96 
– 7.98. At low magnification (x 5), the texture of the substrate can be clearly seen under 
the transparent coating before the artificial cell experiment (Figure 7.96a). After the 
experiment, the texture of the substrate is less well defined and dark patches are visible 
(Figure 7.96b), possibly indicating corrosion underneath the coating. A feature which 
may be interpreted as a small pit in the substrate is visible in Figure 7.96c. 
At a magnification factor of x 80, the second phase particles can be seen to be 
unaffected by the conditions of the artificial cell experiment (Figure 7.98). 
 
Cell 15b The texture of the AA2024 T3 substrate can be seen clearly through the 
transparent EPOXY-Al 10BZT coating both before and after use in artificial cell 15b 
(Figures 7.99 – 7.101). No dark patches and no pits were observed. 
As noted above for cell 14b, the optical micrographs of the coated specimen from cell 
15b indicate that the second phase particles under the coating are unaffected by the 
conditions of the artificial cell experiment (Figure 7.101). 
 
Cell 16b Optical micrographs of the specimen supporting the EPOXY-Al 16BZT 
coating, acquired before and after use in artificial cell 16b (Figures 7.102 – 7.104), 
reveal the presence of isolated dark features (e.g Figures 7.102b and 7.103c) which may 
represent corrosion product (aluminium hydroxide) centred over small pits in the 
substrate. However, the second phase particles reveal no signs of copper de-alloying 
(Figure 7.104). 
 
Cell 17b At low magnification (x 5), the texture of the specimen supporting the 
EPOXY-AL 4BZT10AluOx (Figure 7.105a) differs from that of the coatings doped 
with BZT in the absence of AluOx, being a combination of the underlying substrate and 
the AluOx nano-particles in the coating. For the nanoparticles to have a visible effect on 
the surface texture at this magnification, they must be present in aggregates. 
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The texture of the coating is not visibly altered after the artificial cell experiment 
(Figure 7.105b, c), but the presence of isolated dark features is noted (e.g. Figures 
7.105c, 7.106c and 7.107c). These features may indicate pitting of the substrate under 
the coating. 
At a magnification factor of x 80, the second phase particles appear to be unaffected by 
the artificial cell experiment (compare the image in Figure 7.107a, acquired before the 
experiment, with Figure 7.107b, acquired after the experiment). However, faint 
interference colours can be seen on the second phase particles at the upper left of Figure 
7.107c (arrow), possibly indicating the presence of a thin deposit of corrosion product 
from the nearby pit. 
 
Cell 18b Optical micrographs of the AA2024 T3 alloy supporting the EPOXY-Al 
10BZT10AluOx coating, acquired before and after use in artificial cell 18b, are 
presented in Figures 7.108 – 7.110. The texture of the specimen after the experiment 
(Figure 7.108b) suggests an enhanced aggregation of the AluOx particles and/or 
corrosion of the substrate matrix leading to the formation of particles of aluminium 
hydroxide. Note the presence of a possible pit in the substrate in Figure 7.108c. 
The image acquired at a magnification factor of x 20 after the experiment (Figure 
7.109b) reveals dark grey hazy patches over sharply focused matrix, providing further 
evidence for incipient corrosion of the substrate matrix under the coating. This feature 
can also be seen at higher magnification (x 80) in Figure 7.110b. Here, the second phase 
particles also appear hazy, although the matrix is sharply focused. Both the matrix and 
the second phase particles appear clear in the image acquired before the experiment 
(Figure 7.110a). The second phase particles do not appear discoloured (in contrast to 
those observed on the bare alloy from the artificial cell experiment), so the hazy 
appearance in Figure 7.110b is most likely due to the presence of a veneer of aluminium 
hydroxide from the matrix, rather than de-alloying and re-deposition of copper. 
 
Cell 19b The texture of the specimen supporting the EPOXY-Al 16BZT10AluOx 
coating imaged at low magnification before the artificial cell experiment (Figure 
7.111a) is again indicative of aggregation of the AluOx nanoparticles. After the artificial 
cell experiment, there is evidence of enhanced aggregation of the AluOx particles 
and/or corrosion of the substrate matrix leading to the formation of particles of 
aluminium hydroxide (Figure 7.111b). Pitting is observed to be more prevalent than was 
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observed for cell 18b, with pits occurring both singly (Figure 7.111b) and in clusters 
(Figure 7.111c). Corrosion of the matrix is also suggested by the image acquired after 
the experiment at a magnification factor of x 20 (Figure 7.112b, compared with Figure 
7.112a). At higher magnification (x 80), the second phase particles appear largely 
unaffected by the artificial cell conditions (Figure 7.113b, compared with Figure 
7.113a). 
 
Thus, the EPOXY-Al coatings doped with BZT, both in the presence and absence of 
AluOx nano-particles, provide an incomplete barrier against corrosion of the 
aluminium-rich matrix. The barrier properties of these coatings may be compromised by 
de-lamination, possibly aggravated by the tendency of the nanocontainers to aggregate. 
However, de-alloying and re-distribution of copper between the matrix and the second 
phase particles does appear to be inhibited by these coatings. 
 
7.4 DC01 steel supporting an EPOXY-Fe coating doped with BZT 
Artificial cells were prepared in which specimens of the DC01 steel supporting an 
EPOXY-Fe coating doped with 4%, 10% and 16% BZT were fixed opposite the 
uncoated DC01 steel. One experiment was undertaken according to series a conditions, 
as described in Chapter 3. 
 
7.4.1 GDOES profiling of the uncoated DC01 steel from the series a artificial cells 
7.4.1.1 Iron depth profiles 
Control specimen (uncoated DC01 steel, non-corroded) Iron depth profiles obtained 
using the 4 mm source to sputter five areas on the control specimen (uncoated DC01 
steel, non-corroded) are presented on one chart in Figure 7.114. Figure 7.114a presents 
the full profile (15 s of sputtering time) while, in Figure 7.114b, the profile is expanded 
to show the first 5 s of sputtering time, for improved clarity. At initiation of sputtering, 
the iron signal increases, at first gradually, then sharply, to reach 80% of the maximum 
intensity after 0.1 s of sputtering time. The initial gradual increase in the intensity of the 
iron signal, observed during the first 0.2 s of sputtering of the non-corroded steel may 
be due to surface roughness. Beyond 0.1 s, the increase in intensity again becomes more 
gradual, so that the maximum intensity of 187 arbitrary units is attained after a total 
sputtering time of 12 s. The high level of reproducibility obtained, when sputtering a 
range of areas on one specimen, indicates a consistency of the surface characteristics. 
 573 
This is to be compared with the depth profiles obtained during sputtering of corroded 
specimens (discussed in the following sections), where variations in the thickness and 
intensity of corrosion are evident across the surface of each specimen. 
 
Reference cell 66a Three iron depth profiles, obtained by sputtering within the top one-
third (crater 1), middle one-third (crater 2) and bottom one-third (crater 3) of the 
uncoated DC01 steel form reference cell 66a are presented in Figure 7.115. The gradient 
of the iron signal obtained during the first 1.5 s of sputtering varies from one crater to 
another, indicating variations in the intensity of corrosion across the surface area of the 
specimen. Specifically, the bottom one-third of the specimen surface area (crater 3) 
appears significantly less intensely corroded than the top and middle thirds. This may be 
understood in terms of a reduction in the amount of dissolved oxygen with depth in the 
solution. Thus, the greatest intensity of corrosion would be expected to occur near the 
top of the specimen, where dissolved oxygen is most plentiful. 
 
Cell 56a In contrast to the specimen from the reference cell, the least intensely corroded 
area on the specimen from cell 56a is found in the top one-third of the specimen surface 
area (crater 1, Figure 7.116), while crater 3, located in the bottom one-third of the 
specimen surface area, represents the greatest intensity of corrosion. This suggests that 
corrosion within the upper one-third of the specimen surface area may have been 
inhibited due to the presence of BZT derived from the coated specimen. However, 
localised inhibition of corrosion on the top one-third of the specimen surface area may 
have resulted in increased corrosion in the middle and bottom thirds. 
 
Cell 57a On the specimen from cell 57a, the middle one-third of the surface area (crater 
2, Figure 7.117) is less intensely corroded than the top one-third (crater 1). The iron 
signal obtained when sputtering within the bottom one-third of the specimen surface 
area (crater 3) has a concave profile during the initial 0.6 s of sputtering time, 
suggesting the presence of a layer severely depleted in iron. This morphology is 
comparable to the iron depth profiles obtained when sputtering the specimen from 
reference cell 66a. Examination of the elemental depth profiles of the specimen from 
cell 57a indicated that significantly more oxygen, sodium and chloride were sampled 
during the production of crater 3 than during production of craters 1 and 2. Thus, the 
distinctive iron profile is interpreted as representing a layer of intense corrosion. 
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Cell 58a The least intense corrosion on the uncoated DC01 steel from cell 58a is found 
in the middle one-third of the specimen surface area (crater 2, Figure 7.118), while the 
most intense corrosion is found in the bottom third (crater 3). The intensity of corrosion 
on the top one-third of the specimen surface area (crater 1) is comparable with that on 
the bottom third. 
 
Cross-comparison The iron depth profiles representing the least intensely corroded 
areas on the control specimen and on the uncoated DC01 steel from reference cell 66a, 
cells 56a – 58a, and cell 62a (in which the coated specimen was non-inhibited) are 
presented on the same chart in Figure 7.119. 
Each of the uncoated DC01 steel specimens from the artificial cells reveal increased 
intensities of corrosion, leading to increased surface roughness, compared with the 
control specimen (grey profile, Figure 7.119), as expected. The intensity of corrosion of 
the uncoated steel from cells 56a and 58 a (orange and blue profiles) is significantly 
reduced compared to the specimen from the reference cell (black profile). However, 
when the profiles for cells 56a and 58a are compared with that for cell 62a, a relatively 
minor reduction in the intensity of corrosion in the presence of BZT is indicated. 
The iron depth profile of the uncoated steel from cell 57a (green profile) is comparable 
with that of the specimen from reference cell 66a. 
 
7.4.1.2 Oxygen depth profiles 
The oxygen depth profiles obtained by sputtering the control specimen, the uncoated 
DC01 steel from cells 56a – 58a, cell 62a and reference cell 66a are presented in Figure 
7.120. The sputtering times needed to reduce the oxygen signals to one-half of the peak 
intensity are presented in Table 7.8. 
 
Table 7.8 Sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity for the control specimen and the uncoated DC01 steel from artificial cells 56a 
– 58a, 62a and 66a. 
Control Cell 56a Cell 57a Cell 58a Cell 62a Cell 66a 
0.53 s 0.68 s 0.68 s 0.75 s 0.78 s 0.74 s 
 
Thus, the thickness of the corroded/altered layers sampled is seen to increase in the 
order: 
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Control specimen < cell 56a = cell 57a < cell 66a ≤ cell 58a < cell 62a. 
Thus, the altered layers sampled on the specimens from cells 56a and 57a are of 
comparable thicknesses and are significantly thinner than that on the specimen from cell 
58a. However, the surface roughness of the altered layer on the specimen from cell 57a 
is significantly greater than that of the specimen from cell 56a (Section 7.4.1.1). 
 
7.4.1.3 Nitrogen depth profiles 
The nitrogen signal obtained when sputtering the control specimen increases sharply at 
initiation of sputtering, levelling off at a maximum intensity of 0.025 arbitrary units 
after 0.5 s of sputtering time (grey profile, Figure 7.121). This can be taken to represent 
the baseline nitrogen signal, since no nitrogen content is indicated for the uncoated 
DC01 steel (Chapter 3). 
The nitrogen depth profile obtained by sputtering the uncoated DC01 steel from cell 62a 
(purple profile, Figure 7.121) is comparable with that of the control specimen, 
indicating no measurable gain of nitrogen during the artificial cell experiment in the 
presence of the specimen supporting the non-inhibited EPOXY-Fe coating. 
The maximum intensity of the nitrogen signals obtained by sputtering the uncoated steel 
from cells 56a – 58a range from 0.033 to 0.04 arbitrary units, which may suggest an 
increasing relative amount of nitrogen sampled on the uncoated DC01 steel with 
decreasing amount of BZT in the coated specimens. However, the difference in 
intensity is minor (note the vertical scale) and a comparable intensity of nitrogen is 
indicated when sputtering the uncoated DC01 steel from reference cell 66a, in which 
both sides were uncoated (black profile, Figure 7.121). 
Thus, the presence of BZT on the uncoated DC01 specimens from the artificial cells is 
not clearly indicated by examination of the nitrogen depth profiles. 
 
7.4.1.4 Hydrogen depth profiles 
An increase in the relative amount of hydrogen sampled in the near-surface layers of the 
uncoated DC01 steel from cells 56a – 58a, compared with the control specimen, is 
indicated by the area under the respective hydrogen depth profiles (Figure 7.122). 
However, a comparable increase in the relative amount of hydrogen is indicated for the 
uncoated steel in the presence of the specimen supporting the non-inhibited EPOXY-Fe 
coating (cell 62a) and for the uncoated steel from the reference cell (66a). 
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Thus, the presence of BZT on the uncoated DC01 specimens from the artificial cells is 
not clearly indicated by examination of the hydrogen depth profiles. 
 
7.4.1.5 Chlorine depth profiles 
The chlorine depth profile obtained when sputtering the control specimen has a peak 
intensity of 0.04 at 0.25 s of sputtering time. The profile obtained when sputtering the 
uncoated steel from cell 62a (purple profile) has lower peak intensity, but the 
subsequent decrease in intensity is significantly more gradual. This suggests the 
presence of a similar relative amount of chlorine distributed in a thicker layer. 
The peak intensity of the chlorine signal obtained when sputtering the uncoated steel 
from cell 56a (orange profile) is significantly less than that of the specimen from cell 
62a, suggesting a significant reduction in the relative amount of chloride entrained in 
the corrosion products in the presence of 4 % BZT. 
However, the relative amount of chlorine sampled when sputtering the uncoated steel 
from cell 57a (green profile) is closely comparable to that sampled on the specimen 
from cell 62a, indicating no measurable reduction in the amount of entrained chloride in 
the presence of 10% BZT compared with the absence of BZT, provided a coated 
specimen is present in both instances. In the absence of a coated specimen (cell 66a, 
black profile), a significant increase in the amount of entrained chloride is observed. 
The amount of chlorine sampled when sputtering the uncoated DC01 steel from cell 58a 
(blue profile) is comparable with that sampled when sputtering the uncoated DC01 steel 
from the reference cell 66a (black profile). 
 
7.4.1.6 Sodium depth profiles 
The intensity of the sodium signal obtained when sputtering the control specimen (grey 
profile, Figure 7.124) increases sharply on initiation of sputtering, to reach a peak value 
of 5 arbitrary units after 0.3 s of sputtering time. The intensity then falls rapidly, to 
reach one-half of the peak intensity after a further 0.42 s of sputtering time. With 
continued sputtering, the intensity drops to a baseline value of 0.02 arbitrary units. This 
profile indicates the presence of sodium only in the near-surface region of the uncoated 
steel. 
The sodium signal obtained when sputtering the uncoated steel from reference cell 66a 
reveals an initial peak of intensity 1.5 arbitrary units after 0.4 s of sputtering time (black 
profile, Figure 7.124b), suggesting that the sodium already present near the surface 
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before the artificial cell experiment is re-distributed over a moderately increased 
thickness after the experiment. More significantly, there is a second peak in the sodium 
signal at 2.9 s of sputtering time, which is reduced to one-half the peak intensity after 12 
s of sputtering time. A total sputtering time of 30s is needed to reduce the sodium signal 
to baseline intensity. This indicates the presence of a significant relative amount of 
sodium entrained in the corrosion products, to a significant thickness in the uncoated 
steel after the artificial cell experiment. The full profile is thus likely to represent a 
combination of sodium adsorbed from the solution during the experiment and re-
distributed sodium that was already present before the experiment. 
The sodium depth profiles obtained when sputtering the uncoated steel from cells 56a – 
58a and 62a all display the double peaks suggestive of adsorbed and re-distributed 
sodium, but there is significant variation in the relative amounts of sodium involved. 
Specifically, the relative amounts of sodium entrained in the altered/corroded layers 
increases in the order: 
Cell 56a ≤ control specimen < cell 62a < cell 57a < cell 58a < cell 66a (reference). 
The sodium present in the corroded layer on the specimen from cell 56a may be entirely 
due to re-distribution of sodium already present before the experiment. Thus, the 
presence of 4% BZT appears to inhibit adsorption of both sodium and chloride by the 
uncoated steel, while larger proportions of BZT allow increased adsorption of both ions. 
 
7.4.1.7 Series a artificial cells: summary and conclusions 
The variation in intensity of corrosion from top to bottom of the specimen from the 
reference cell appears to reflect a reduction in the amount of dissolved oxygen with 
depth in the solution, as expected in an unstirred solution. Thus, the greatest intensity of 
corrosion is observed near the top of the specimen, where dissolved oxygen is most 
plentiful. 
The variation in intensity of corrosion across the surface of the specimens exposed in 
the presence of various proportions of BZT differs from that observed for the specimen 
from the reference cell. The observations may suggest that the initiation of localised 
corrosion leads to deposition of BZT in the affected area, which inhibits corrosion in 
that area, but may lead to the initiation of localised corrosion on another area of the 
specimen. Thus, a sufficient proportion of BZT must be available to allow a continued 
response to localised corrosion. 
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The intensity of corrosion of the uncoated steel from the artificial cells run in the 
presence of coated specimens doped with various proportions of BZT is significantly 
reduced compared to that in the absence of a coated specimen. However, a relatively 
minor reduction in the intensity of corrosion in the presence of BZT is indicated when 
compared to the presence of a specimen supporting the non-inhibited EPOXY-Fe 
coating. 
The presence of 4 – 10% BZT allows a significant reduction in the thickness of the 
corroded/altered layer on the uncoated steel, compared to the specimen from the 
reference cell. However, the layer formed in the presence of 10% BZT is significantly 
more depleted in iron, reflecting either more intense corrosion or the formation of a 
coherent layer incorporating BZT. 
The altered layer formed in the presence of 16% BZT is of a comparable thickness to 
the layer of corrosion products on the specimen from the reference cell, but there is a 
renewed reduction in iron depletion/corrosion intensity (comparable to that observed in 
the presence of 4% BZT. The observed trend is best understood when the altered layer 
is taken to represent the incorporation of BZT, such that a higher concentration of BZT 
would be expected to give a thicker layer than a lower concentration of BZT. A low 
concentration of BZT is, however, sufficient to inhibit corrosion, hence the observed 
reduction in thickness compared to the corroded layer on the reference specimen. 
A significant reduction is observed in the relative amount of chloride (and sodium) 
entrained in the altered layer in the presence of 4 % BZT, compared to the corroded 
layers formed in the presence of the uninhibited coating and in the absence of a coated 
specimen. However, no measurable reduction in the amount of entrained chloride is 
observed in the presence of 10% BZT compared with the absence of BZT, provided a 
coated specimen is present in both instances. The presence of the non-inhibited coating 
itself allows a significant reduction in the uptake of chloride (and sodium) ion by the 
uncoated steel. 
The amount of chloride entrained in the altered layer in the presence of 16% BZT is 
comparable with that observed in the absence of a coated specimen, although a 
reduction in sodium-uptake remains evident. The question now arises as to whether the 
thickness of the altered layer in the presence of 16% BZT is due to the deposition of a 
significant quantity of BZT or to the significant uptake of chloride leading to renewed 
corrosion. A comparison of the iron depth profiles indicates significant depletion of iron 
 579 
on the reference specimen, which is not observed in the presence of 16% BZT. Thus, 
deposition of BZT seems the more likely interpretation. 
The presence of BZT on the uncoated DC01 specimens from the artificial cells is not 
clearly indicated by examination of either the nitrogen or hydrogen depth profiles. 
 
7.4.2 Characterisation 
7.4.2.1 Visual inspection 
Photographic images of the uncoated DC01 steel from cells 56a – 58a are presented in 
Figure 7.125. Also shown are the control specimen (non-corroded) and the specimens 
from cells 62a and 66a. Thin streaks of brown corrosion product can be seen on a 
background of relatively un-tarnished matrix on the specimens from cells 56a – 58a. On 
the specimen from cell 62a, the streaks of corrosion products appear smeared out and 
extensive dark patches are visible on the matrix. The matrix on the specimen from 
reference cell 66a appears significantly darkened and the streaks of corrosion product 
have developed a deep reddish hue. 
A few blisters are visibly associated with the streaks of corrosion products on the 
specimen from cell 56a, but the blisters are confined to the top on-third of the specimen 
surface area (Figure 7.125b). Significantly fewer blisters are visible on the specimen 
from cell 57a (Figure 7.125c), but the number of blisters on the specimens from cells 
58a and 62a is significantly greater and covers much of the surface area. In each case, 
the blisters are visibly smaller than those on the specimen from reference cell 66a. 
These observations indicate some inhibition of corrosion of the uncoated DC01 steel in 
the presence of coated specimens doped with 4%, 10% or 16% BZT. The greatest 
reduction in blistering is observed in the presence of 10% BZT (cell 57a), while the 
greatest reduction in intensity of the streaks of corrosion products is observed in the 
presence of 16% BZT (cell 58a). 
 
7.4.2.2 Optical Microscopy 
Optical micrographs of the control specimen, acquired at magnification factors of x 5, x 
20 and x 80 are presented in Figure 7.126. These are to be compared with optical 
micrographs of the uncoated DC01 steel specimens from cells 56a – 58a, presented in 
Figures 7.127 – 7.134. 
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Cell 56a The optical micrograph in Figure 7.127a reveals a blister of approximately 500 
µm diameter associated with a streak of corrosion product on the specimen from cell 
56a. The streaks of corrosion products extend to considerable distance away from the 
source blisters (Figure 7.127b). Extensive areas of the matrix remain relatively un-
tarnished and free from large blisters (Figure 7.127c). 
At moderate magnification (x 20) the areas of relatively un-tarnished matrix are seen to 
support isolated patches of brown corrosion product (Figure 7.128a). 
The central region of one of the larger blisters, consisting of a blue flaky material 
surrounded by strongly discoloured matrix, is imaged in Figure 7.128b. The blue 
material is imaged at higher magnification (x 80) in Figure 7.129a, while the 
discoloured matrix is imaged in Figure 7.129b. At a moderate distance from the blister, 
an area of un-tarnished matrix is seen to be littered with loosely adherent particles 
(Figure 7.129c). 
 
Cell 57a Rounded blisters of approximately 300 – 700 µm diameter are seen to be 
associated with the streaks of corrosion product on the uncoated steel from cell 57a 
(Figure 7.130a). An elongated blister, possibly formed by amalgamation of two blisters, 
can be seen in Figure 7.130b. 
At moderate magnification (x 20) an area of relatively un-tarnished matrix is seen to 
support numerous small brown patches which may be incipient blisters (Figure 7.131a). 
Larger brown patches with more clear-cut evidence of blistering, are seen in Figure 
7.131b. The central regions of blisters in a range of sizes are imaged in Figure 7.131c – 
f (all these images were acquired at a magnification factor of x 20). The central regions 
of the blisters are covered by a blue flaky material. Where cracks and gaps are present 
in this material, the granular texture of the underlying matrix is revealed. On the matrix 
outside the central region of the blisters, there is a ring of brown corrosion product. 
At higher magnification, grains of brown corrosion product, less than 1 µm in size, are 
seen surrounding a small incipient blister in Figure 7.132a. The blue flaky material 
covering the main body of a much larger blister is imaged in Figure 7.132b. Where the 
blue material has been lost by exfoliation, intensely corroded matrix can be seen (Figure 
7.132c). 
 
Cell 58a The largest blisters evident on the specimen from cell 58a were found to be 
approximately 200 – 700 µm in diameter (Figure 7.133), although some elongated 
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blisters were also observed. At moderate magnification (x 20) extensive areas of un-
tarnished matrix are seen, with various populations of insipient blisters (Figure 7.134a, 
b). The centres of some of the more highly developed blisters are imaged in Figure 
7.134c – f. 
At higher magnification (x 80) an area of untarnished matrix is imaged in Figure 
7.135a, while the central regions of one of the larger blisters are imaged in Figure 
7.135b and c. 
 
7.5 Split cell studies 
In order to further investigate the behaviour of BZT as an inhibitor species, a split cell 
arrangement was used in which two compartments are separated by a sintered glass to 
allow ion migration while preventing bulk mixing of the solutions in each compartment. 
 
An electrode consisting of bare AA2024 T3 was placed in each compartment before 
adding 400 ml of 35 g l
-1
 NaCl solution to each compartment and starting the electronic 
stirrers. Galvanic measurements were taken for 15 minutes before making one 
compartment anodic by bubbling nitrogen into the solution, while bubbling air into the 
other compartment to make it cathodic. After a further 15 minutes, and at 15 minute 
intervals thereafter, 10 p.p.m. of BZT was added to the cathodic side. This was 
continued until 10 additions had been made, taking the total added inhibitor to 100 
p.p.m. The results are presented in Figure 7.136. 
 
During the first 15 minutes of the experiment, the current remained near zero, becoming 
significantly more negative when the gas bubblers were switched on. The first addition 
of BZT resulted in a small but not insignificant reduction in the magnitude of the 
current (indicating that BZT acts as a cathodic inhibitor). Further additions of BZT did 
not result in further reductions in magnitude of the current. The potential remained 
between – 0.6 and – 0.8 V throughout the experiment. 
 
The results of a second such experiment, in which ten additions of BZT (10 p.p.m. each) 
were made to the anodic side of a split cell, are presented in Figure 7.137. It can be seen 
that the addition of BZT had little effect on the current, suggesting that BZT does not 
act as an anodic inhibitor, at least at the low concentrations used. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.1: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 14a – 16a. The profiles for the bare alloy 
from cells 10a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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b) 
Figure 7.2: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14a – 16a. The profiles for the bare alloy from cells 
10a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3
used in the artificial cells (GMT series a).
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a) 
Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3
used in the artificial cells (GMT series a).
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Figure 7.3: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14a – 16a. The profiles for the bare alloy from cells 
10a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a)
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a)
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Figure 7.4: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14a – 16a. The profiles for the bare alloy from cells 
10a and 23a are included for reference: a) including the control specimen; b) excluding the control 
specimen for improved clarity. 
 
 
 
 586 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.5: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14a – 16a. The profiles for the bare alloy from cells 
10a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.6: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14a – 16a. The profiles for the bare alloy from cells 
10a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a)
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.7: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 14b – 16b. The profiles for the bare alloy 
from cells 11b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s 
of sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.8: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14b – 16b. The profiles for the bare alloy from cells 
11b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.9: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14b – 16b. The profiles for the bare alloy from cells 
11b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.10: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14b – 16b. The profiles for the bare alloy from cells 
11b and 23b are included for reference: a) including the control specimen; b) excluding the control 
specimen, for improved clarity. 
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Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.11: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14b – 16b. The profiles for the bare alloy from cells 
11b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Aluminum depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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Figure 7.12: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 14b -16b and the corresponding control specimens. 
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Figure 7.13: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 14b -16b and the corresponding control specimens. Note that only 
the first 600 s of sputtering are presented, for improved clarity. 
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Nitrogen depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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Figure 7.14: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 14b -16b and the corresponding control specimens. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.15: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 14c – 16c. The profiles for the bare alloy 
from cells 10c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.16: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14c – 16c. The profiles for the bare alloy from cells 
10c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
 
 597 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.17: Copper depth profiles obtained using the 4 mm diameter ource to sputter the control 
specimen and the bare alloy from artificial cells 14c – 16c. The profiles for the bare alloy from cells 
10c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
 
 
 
 
 598 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.18: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14c – 16c. The profiles for the bare alloy from cells 
10c and 23c are included for reference: a) including the control specimen; b) excluding the control 
specimen for improved clarity. 
 
 
 
 599 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.19: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 14c – 16c. The profiles for the bare alloy from cells 
10c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
 
 
 600 
Aluminium depth profiles obtained by GDOES sputtering the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Aluminium depth profiles obtained by GDOES sputtering the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.20: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 17a – 19a. The profiles for the bare alloy 
from cells 10a, 20a and 23a are included for reference: a) full profile; b) expanded to show the first 
5 s of sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.21: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17a – 19a. The profiles for the bare alloy from cells 
10a, 20a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Copper profiles obtained by GDOES sputtering of the bare AA2024 T3
used in the artificial cells (GMT series a).
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a) 
Copper profiles obtained by GDOES sputtering of the bare AA2024 T3
used in the artificial cells (GMT series a).
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Figure 7.22: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17a – 19a. The profiles for the bare alloy from cells 
10a, 20a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
 
 
 603 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a)
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.23: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17a – 19a. The profiles for the bare alloy from cells 
10a, 20a and 23a are included for reference: a) including the control specimen; b) excluding the 
control specimen for improved clarity. 
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Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.24: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17a – 19a. The profiles for the bare alloy from cells 
10a, 20a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
 
 
 
 605 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series a).
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Figure 7.25: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17a – 19a. The profiles for the bare alloy from cells 
10a, 20a and 23a are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a)
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.26: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 17b – 19b. The profiles for the bare alloy 
from cells 11b, 20b and 23b are included for reference: a) full profile; b) expanded to show the first 
5 s of sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 1 2 3 4 5 6 7 8 9 10
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 17b
cell 18b
cell 19b
cell 23b
control
cell 11b
cell 20b
 
a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.27: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17b – 19b. The profiles for the bare alloy from cells 
11b, 20b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.28: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17b – 19b. The profiles for the bare alloy from cells 
11b, 20b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.29: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17b – 19b. The profiles for the bare alloy from cells 
11b, 20b and 23b are included for reference: a) including the control specimen; b) excluding the 
control specimen, for improved clarity. 
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Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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b) 
Figure 7.30: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17b – 19b. The profiles for the bare alloy from cells 
11b, 20b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b).
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Figure 7.31: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17b – 19b. The profiles for the bare alloy from cells 
11b, 20b and 23b are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering and excluding cell 19b for improved clarity. 
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Aluminum depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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Figure 7.32: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
coated specimens from artificial cells 17b -19b and the corresponding control specimens. 
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Figure 7.33: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 17b -19b and the corresponding control specimens. 
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Nitrogen depth profiles obtained using the 4 mm source to sputter the coated specimens 
from series b artificial cells
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Figure 7.34: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the coated 
specimens from artificial cells 17b -19b and the corresponding control specimens. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 7.35: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 17c – 19c. The profiles for the bare alloy 
from cells 10c, 20c and 23c are included for reference: a) full profile; b) expanded to show the first 
5 s of sputtering. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 7.36: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17c – 19c. The profiles for the bare alloy from cells 
10c, 20c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.37: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17c – 19c. The profiles for the bare alloy from cells 
10c, 20c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 7.38: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17c – 19c. The profiles for the bare alloy from cells 
10c, 20c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Chlorine depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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Figure 7.39: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17c – 19c. The profiles for the bare alloy from cells 
10c, 20c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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a) 
Sodium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series c).
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b) 
Figure 7.40: Sodium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 17c – 19c. The profiles for the bare alloy from cells 
10c, 20c and 23c are included for reference: a) full profile; b) expanded to show the first 5 s of 
sputtering. 
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a)                        b)                       c)                          d)                        e) 
     
f)                         g)                        h)                        i)                          j) 
Figure 7.41: Photographic images of the bare alloy used in the series a artificial cells a) before and b 
- j) after the experiment: b) cell 10a, c) cell 14a, d) cell 15a, e) cell 16a, f) cell 17a, g) cell 18a, h) cell 
19a, i) cell 20a, j) cell 23a. 
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a)                         b)                       c)                        d)                        e) 
     
f)                        g)                         h)                        i)                         j) 
Figure 7.42: Photographic images of the bare alloy used in the series b artificial cells a) before and b 
- j) after the experiment: b) cell 11b, c) cell 14b, d) cell 15b, e) cell 16b, f) cell 17b, g) cell 18b, h) cell 
19b, i) cell 20b, j) cell 23b. 
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a)                        b)                        c)                        d)                        e) 
     
f)                         g)                       h)                         i)                         j) 
Figure 7.43: Photographic images of the bare alloy used in the series c artificial cells a) before and b 
- j) after the experiment: b) cell 10c, c) cell 14c, d) cell 15c, e) cell 16c, f) cell 17c, g) cell 18c, h) cell 
19c, i) cell 20c, j) cell 23c. 
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a)                          b)                      c)                          d) 
  
e)                          f)                        g)                         h) 
Figure 7.44: Photographic images of the coated specimens before and after use in artificial cells 11b 
and 14b – 16b: a) 11b, before, b) 11b, after c) cell 14b, before, d) 14b, after, e) 15b, before, f) 15b, 
after, g) 16b, before, h) 16b, after. 
 
 624 
  
a)                         b)                        c)                         d) 
  
e)                       f)                            g)                         h) 
Figure 7.45: Photographic images of the coated specimens before and after use in artificial cells 17b 
– 20b: a) 17b, before, b) 17b, after, c) 18b, before, d) 18b, after, e) 19b, before, f) 19b, after, g) 20b 
before, h) 20b, after. 
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a) 
 
b) 
 
c) 
Figure 7.46: Optical micrographs of the control specimen (bare alloy, non-corroded) at 
magnification factors of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.47: Optical micrographs of the bare alloy from artificial cell 23a (the reference cell) at 
magnification factors of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.48: Optical micrographs of the bare alloy from artificial cell 14a at magnification factors 
of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.49: Optical micrographs of the bare alloy from artificial cell 15a at magnification factors 
of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.50: Optical micrographs of the bare alloy from artificial cell 16a at magnification factors 
of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.51: Optical micrographs of the bare alloy from artificial cell 17a at magnification factors 
of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.52: Optical micrographs of the bare alloy from artificial cell 18a at magnification factors 
of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.53: Optical micrographs of the bare alloy from artificial cell 19a at magnification factors 
of a) x 5, b) x 20 and c) x 80. 
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a) 
 
b) 
 
c) 
Figure 7.54: Optical micrographs of the bare alloy from the reference cell 23b at a magnification 
factor of x 5: a) area of relatively non-corroded matrix with pits; b) moderately discoloured matrix 
with faint rings of intergranular corrosion, c) matrix with interference colours and bold rings of 
intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.55: Optical micrographs of the bare alloy from the reference cell 23b at a magnification 
factor of x 20: a) large deposit of aluminium hydroxide and localised intergranular corrosion 
(arrow); b) a segment of a large ring of intergranular corrosion, c) matrix with intense interference 
colours and bold rings of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.56: Optical micrographs of the bare alloy from the reference cell 23b at a magnification 
factor of x 80: a) untarnished matrix with numerous small particles of aluminium hydroxide at the 
edge of a pit; b) intensely corroded matrix with discoloured second phase particles, c) particles of 
aluminium hydroxide covering an area of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.57: Optical micrographs of the bare alloy from artificial cell 14b at a magnification factor 
of x 5: a) relatively untarnished matrix with numerous pits; b) intenely corroded matrix with 
strong interference colours and streaks of intergranular corrosion, c) an area similar to b, but with 
a large pit (arrow). 
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a) 
 
b) 
 
c) 
Figure 7.58: Optical micrographs of the bare alloy from artificial cell 14b at a magnification factor 
of x 20: a) relatively untarnished matrix with a large deposit of aluminium hydroxide; b) an area of 
intergranular corrosion, c) intensely corroded matrix with pits and intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.59: Optical micrographs of the bare AA2024 T3 alloy from artificial cell 14b at a 
magnification factor of x 80: a) part of a ring of intergranular corrosion; b) relatively untarnished 
matrix, c) intense intergranular corrosion with brown colour suggesting re-distributed copper. 
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a) 
 
b) 
 
c) 
Figure 7.60: Optical micrographs of the bare alloy from artificial cell 15b at a magnification factor 
of x 5: a) relatively untarnished matrix with small pits; b) intensely corroded matrix with a large 
pit, c) sharp border between relatively untarnished (right) and intensely corroded matrix (left). 
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a) 
 
b) 
 
c) 
Figure 7.61: Optical micrographs of the bare alloy from artificial cell 15b at a magnification factor 
of x 20: a) moderately discoloured matrix with interference colours and numerous particles of 
aluminium hydroxide; b) relatively untarnished matrix, c) intensely corroded matrix with strong 
interference colours. 
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a) 
 
b) 
 
c) 
Figure 7.62: Optical micrographs of the bare alloy from artificial cell 15b at a magnification factor 
of x 80: a) relatively untarnished matrix; b) similar to a, but including isolated deposits of 
aluminium hydroxide (arrows), c) area of localized intergranular corrosion with intense 
interference colours. 
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a) 
 
b) 
 
c) 
Figure 7.63: Optical micrographs of the bare alloy from artificial cell 16b at a magnification factor 
of x 5: a) relatively untarnished matrix with a large pit; b) relatively untarnished matrix with arcs 
of intergranular corrosion, c) intensely corroded matrix with pits and rings of intergranular 
corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.64: Optical micrographs of the bare alloy from artificial cell 16b at a magnification factor 
of x 20: a) the edge of a pit with numerous particles of aluminium hydroxide, b) relatively 
untarnished matrix with a line of intergranular corrosion, c) matrix with mild interference colours 
and broad areas of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.65: Optical micrographs of the bare alloy from artificial cell 16b at a magnification factor 
of x 80 a) relatively untarnished matrix with second phase particles surrounded by rings of re-
deposited copper; b) relatively untarnished matrix with localised intergranular corrosion, c) 
intensely corroded matrix with strong interference colours. 
 645 
 
a) 
 
b) 
 
c) 
Figure 7.66: Optical micrographs of the bare AA2024 T3 alloy from artificial cell 17b at a 
magnification factor of x 5: a) discoloured matrix with a large ring of intergranular corrosion; b) 
discoloured matrix with pits, c) intensely corroded matrix with interference colours, dark deposits 
and streaks of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.67: Optical micrographs of the bare alloy from artificial cell 17b at a magnification factor 
of x 20: a) matrix with wide-spread brown deposits suggesting re-deposited copper; b) relatively 
untarnished matrix with a line of intergranular corrosion, c) relatively untarnished matrix with 
large deposits of aluminium hydroxide, possibly overlying pits. 
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a) 
 
b) 
 
c) 
Figure 7.68: Optical micrographs of the bare alloy from artificial cell 17b at a magnification factor 
of x 80: a) numerous particles of aluminium hydroxide at the edge of a pit; b) relatively 
untarnished matrix with a small patch of aluminium hydroxide, c) intensely corroded matrix with 
strong interference colours and intergranular corrosion. 
 648 
 
a) 
 
b) 
 
c) 
Figure 7.69: Optical micrographs of the bare alloy from artificial cell 18b at a magnification factor 
of x 5: a) elongated ring of intergranular corrosion surrounding a pit (left); b) moderately 
discoloured matrix with an isolated pit, c) similar to b, with pits. 
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a) 
 
b) 
 
c) 
Figure 7.70: Optical micrographs of the bare alloy from artificial cell 18b at a magnification factor 
of x 20: a) relatively untarnished matrix with an arc of intergranular corrosion; b) a deposit of 
aluminium hydroxide, possibly covering a pit, c) intensely corroded matrix with intergranular 
corrosion 
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a) 
 
b) 
 
c) 
Figure 7.71: Optical micrographs of the bare alloy from artificial cell 18b at a magnification factor 
of x 80: a) relatively untarnished matrix with intergranular corrosion, some discoloured second 
phase particles and a round deposit of aluminium hydroxide; b) numerous particles of hydroxide 
overlying a pit, c) the center of a larger pit, showing intergranular corrosion. 
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a) 
 
a) 
 
a) 
Figure 7.72: Optical micrographs of the bare alloy from artificial cell 19b at a magnification factor 
of x 5: a) discoloured matrix with a pit surrounded by a ring of intergranular corrosion; b) 
discoloured matrix with a small pit and several rings of intergranular corrosion, c) intensely 
corroded matrix with pits, strong interference colours and intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.73: Optical micrographs of the bare alloy from artificial cell 19b at a magnification factor 
of x 20: a) relatively untarnished matrix with localized intergranular corrosion; b) moderately 
tarnished matrix with a deposit of aluminium hydroxide partially obscuring a pit, c) intensely 
corroded matrix with strong interference colours. 
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a) 
 
b) 
 
c) 
Figure 7.74: Optical micrographs of the bare alloy from artificial cell 19b at a magnification factor 
of x 80: a) numerous small particles of aluminium hydroxide at the edge of a pit; b) larger deposits 
at the centre of a pit, with intergranular corrosion of the matrix, c) intensely corroded matrix with 
strong interference colours and a ring of aluminium hydroxide. 
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a) 
 
b) 
 
c) 
Figure 7.75: Optical micrographs of the bare alloy from the reference cell 23c at a magnification 
factor of x 5: a) strongly discoloured matrix with a pit and a ring of intergranular corrosion; b) 
intensely discoloured matrix, c) moderately discoloured matrix with a ring of intergranular 
corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.76: Optical micrographs of the bare alloy from the reference cell 23c at a magnification 
factor of x 20: a) relatively untarnished matrix with intergranular corrosion; b) numerous small 
deposits of aluminium hydroxide associated with a pit, c) relatively untarnished matrix with 
discoloured second phase particles. 
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a) 
 
b) 
 
c) 
Figure 7.77: Optical micrographs of the bare alloy from the reference cell 23c at a magnification 
factor of x 80: a) deposits of aluminium hydroxide overlying a pit; b) relatively untarnished matrix 
with a texture indicating extensive intergranular corrosion, c) an area of less intense intergranular 
corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.78: Optical micrographs of the bare alloy from artificial cell 14c at a magnification factor 
of x 5: a) strongly discoloured matrix with a pit; b) strongly discoloured matrix with an arc of 
intergranular corrosion, c) strongly discoloured matrix. 
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a) 
 
b) 
 
c) 
Figure 7.79: Optical micrographs of the bare alloy from artificial cell 14c at a magnification factor 
of x 20: a) relatively untarnished matrix with an area of intergranular corrosion; b) relatively 
untarnished matrix with a pit, c) relatively untarnished matrix with arcs of intergranular 
corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.80: Optical micrographs of the bare alloy from artificial cell 14c at a magnification factor 
of x 80: a) relatively untarnished matrix with a line of intergranular corrosion; b) intergranular 
corrosion with particles of aluminium hydroxide, c) numerous particles of aluminium hydroxide 
over a broad area of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.81: Optical micrographs of the bare alloy from artificial cell 15c at a magnification factor 
of x 5: a) intensely discoloured matrix with a pit; b) intensely discoloured matrix with rings of 
intergranular corrosion, c) intensely discoloured matrix with large pits. 
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a) 
 
b) 
 
c) 
Figure 7.82: Optical micrographs of the bare from artificial cell 15c at a magnification factor of x 
20: a) relatively untarnished matrix with large rounded deposits of aluminium hydroxide; b) 
relatively untarnished matrix with an arc of intergranular corrosion, c) relatively untarnished 
matrix with darkened second phase particles. 
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a) 
 
b) 
 
c) 
Figure 7.83: Optical micrographs of the bare alloy from artificial cell 15c at a magnification factor 
of x 80: a) numerous particles of aluminium hydroxide over an area of intergranular corrosion; b) 
relatively untarnished matrix with an arc of intergranular corrosion, c) relatively untarnished 
matrix with some of the second phase particles appearing discoloured. 
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a) 
 
b) 
 
c) 
Figure 7.84: Optical micrographs of the bare alloy from artificial cell 16c at a magnification factor 
of x 5: a) moderately discoloured matrix with a pit; b) similar features to a, c) moderately 
discoloured matrix with rings of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.85: Optical micrographs of the bare alloy from artificial cell 16c at a magnification factor 
of x 20: a) and b) relatively untarnished matrix with pits; c) untarnished matrix with a ring of 
intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.86: Optical micrographs of the bare alloy from artificial cell 16c at a magnification factor 
of x 80: a) deposits of aluminium hydroxide over an area of intergranular corrosion; b) untarnished 
matrix with an arc of intergranular corrosion, c) relatively untarnished matrix with some second 
phase particles appearing discoloured. 
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a) 
 
b) 
 
c) 
Figure 7.87: Optical micrographs of the bare alloy from artificial cell 17c at a magnification factor 
of x 5: a) moderately discoloured matrix with rings of intergranular corrosion; b) similar to a, with 
elongated rings, c) a pit with surrounding ring of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 7.88: Optical micrographs of the bare alloy from artificial cell 17c at a magnification factor 
of x 20: a) area of intergranular corrosion; b) a deposit of aluminium hydroxide, c) similar to b, 
relatively untarnished matrix. 
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a) 
 
b) 
 
c) 
Figure 7.89: Optical micrographs of the bare alloy from artificial cell 17c at a magnification factor 
of x 80: a) relatively untarnished matrix with intergranular corrosion; b) deposits of aluminium 
hydroxide over intergranular corrosion, c) an arc of intergranular corrosion on relatively 
untarnished matrix, with some second phase particles appearing discoloured. 
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a) 
 
b) 
 
c) 
Figure 7.90: Optical micrographs of the bare alloy from artificial cell 18c at a magnification factor 
of x 5: a) strongly discoloured matrix with a pit; b) strongly discoloured matrix with arcs of 
intergranular corrosion, c) matrix with strong interference colours. 
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a) 
 
b) 
 
c) 
Figure 7.91: Optical micrographs of the bare alloy from artificial cell 18c at a magnification factor 
of x 20: a) matrix with strong interference colours; b) relatively untarnished matrix with darkened 
second phase particles, c) relatively untarnished matrix with deposits of aluminium hydroxide, 
possibly overlying a pit. 
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a) 
 
b) 
 
c) 
Figure 7.92: Optical micrographs of the bare alloy from artificial cell 18c at a magnification factor 
of x 80: a) matrix with strong interference colours and second phase particles appearing 
discoloured; b) darkened second phase particles associated with arcs of aluminium hydroxide, c) 
deposit of aluminium hydroxide associated with a pit. 
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a) 
 
b) 
 
c) 
Figure 7.93: Optical micrographs of the bare alloy from artificial cell 19c at a magnification factor 
of x 5: a) – c) moderately discoloured matrix with rings of intergranular corrosion and pits. 
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a) 
 
b) 
 
c) 
Figure 7.94: Optical micrographs of the bare alloy from artificial cell 19c at a magnification factor 
of x 20: a) numerous deposits of aluminium hydroxide centred on an area of intergranular 
corrosion; b) similar to a, but deposits cover a smaller area and the matrix is relatively 
untarnished, c) a large deposit of aluminium hydroxide. 
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a) 
 
b) 
 
c) 
Figure 7.95: Optical micrographs of the bare alloy from artificial cell 19c at a magnification factor 
of x 80: a) particles of aluminium hydroxide over a pit; b) relatively untarnished matrix with faint 
brown patches suggesting re-deposited copper, c) numerous small particles of aluminium hydroxide 
over an extended area of intergranular corrosion. 
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a) 
 
b) 
 
 
Figure 7.96: Optical micrographs of the specimen supporting the EPOXY-Al 4BZT coating at a 
magnification factor of x 5: a) before; b) and c) after use in artificial cell 14b. 
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a) 
 
b) 
Figure 7.97: Optical micrographs of the specimen supporting the EPOXY-Al 4BZT coating at a 
magnification factor of x 20: a) before and b) after use in artificial cell 14b. 
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a) 
 
b) 
Figure 7.98: Optical micrographs of the specimen supporting the EPOXY-Al 4BZT coating at a 
magnification factor of x 80: a) before and b) after use in artificial cell 14b. 
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a) 
 
b) 
Figure 7.99: Optical micrographs of the specimen supporting the EPOXY-Al 10BZT coating at a 
magnification factor of x 5: a) before and b) after use in artificial cell 15b. 
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a) 
 
b) 
Figure 7.100: Optical micrographs of the specimen supporting the EPOXY-Al 10BZT coating at a 
magnification factor of x 20: a) before and b) after use in artificial cell 15b. 
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a) 
 
b) 
Figure 7.101: Optical micrographs of the specimen supporting the EPOXY-Al 10BZT coating at a 
magnification factor of x 80: a) before and b) after use in artificial cell 15b. 
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a) 
 
b) 
 
c) 
Figure 7.102: Optical micrographs of the specimen supporting the EPOXY-Al 16BZT coating at a 
magnification factor of x 5: a) before, b) and c) after use in artificial cell 16b. 
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a) 
 
b) 
 
c) 
Figure 7.103: Optical micrographs of the specimen supporting the EPOXY-Al 16BZT coating at a 
magnification factor of x 20: a) before, b) and c) after use in artificial cell 16b. 
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a) 
 
b) 
Figure 7.104: Optical micrographs of the specimen supporting the EPOXY-Al 16BZT coating at a 
magnification factor of x 80: a) before and b) after use in artificial cell 16b. 
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a) 
 
b) 
 
c) 
Figure 7.105: Optical micrographs of the specimen supporting the EPOXY-Al 4BZT10AluOx 
coating at a magnification factor of x 5: a) before, b) and c) after use in artificial cell 17b. 
 685 
 
a) 
 
b) 
 
c) 
Figure 7.106: Optical micrographs of the specimen supporting the EPOXY-Al 4BZT10AluOx 
coating at a magnification factor of x 20: a) before, b) and c) after use in artificial cell 17b. 
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a) 
 
b) 
 
c) 
Figure 7.107: Optical micrographs of the specimen supporting the EPOXY-Al 4BZT10AluOx 
coating at a magnification factor of x 80: a) before and b) after use in artificial cell 17b. 
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a) 
 
b) 
Figure 7.108: Optical micrographs of the specimen supporting the EPOXY-Al 10BZT10AluOx 
coating at a magnification factor of x 5: a) before and b) after use in artificial cell 18b. 
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a) 
 
b) 
Figure 7.109: Optical micrographs of the specimen supporting the EPOXY-Al 10BZT10AluOx 
coating at a magnification factor of x 20: a) before and b) after use in artificial cell 18b. 
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a) 
 
b) 
Figure 7.110: Optical micrographs of the specimen supporting the EPOXY-Al 10BZT10AluOx 
coating at a magnification factor of x 80: a) before and b) after use in artificial cell 18b. 
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a) 
 
b) 
 
 
Figure 7.111: Optical micrographs of the specimen supporting the EPOXY-Al 16BZT10AluOx 
coating at a magnification factor of x 5: a) before and b) after use in artificial cell 19b. 
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a) 
 
b) 
Figure 7.112: Optical micrographs of the specimen supporting the EPOXY-Al 16BZT10AluOx 
coating at a magnification factor of x 20: a) before and b) after use in artificial cell 19b. 
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a) 
 
b) 
Figure 7.113: Optical micrographs of the specimen supporting the EPOXY-Al 16BZT10AluOx 
coating at a magnification factor of x 80: a) before and b) after use in artificial cell 19b. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel (not 
subjected to immersion testing)
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel (not 
subjected to immersion testing)
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b) 
Figure 7.114: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel (control specimen – non-corroded): a) full profile; b) expanded to show the first 5 s of 
sputtering time, for improved clarity. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 66a
0
50
100
150
200
250
0 2 4 6 8 10 12 14
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
crater 1
crater 2
crater 3
a) 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 66a
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b) 
Figure 7.115: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from reference cell 66a: a) full profile; b) expanded to show the first 5 s of sputtering 
time, for improved clarity. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 56a
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 56a
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b) 
Figure 7.116: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from artificial cell 56a: a) full profile; b) expanded to show the first 5 s of sputtering 
time, for improved clarity. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 57a
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 57a
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b) 
Figure 7.117: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from artificial cell 57a: a) full profile; b) expanded to show the first 5 s of sputtering 
time, for improved clarity. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 58a
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 58a
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b) 
Figure 7.118: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from artificial cell 58a: a) full profile; b) expanded to show the first 5 s of sputtering 
time, for improved clarity. 
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Iron depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel from 
the artificial cells (series a)
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel from 
the artificial cells (series a)
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b) 
Figure 7.119: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from artificial cells 56a – 58a, 62a and the reference cell 66a: a) full profiles; b) 
expanded to show the first 3 s of sputtering time, for improved clarity. 
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Oxygen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 7.120: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel from artificial cells 56a – 58a, 62a and the reference cell 66a: a) full profiles; b) 
expanded to show the first 3 s of sputtering time, for improved clarity. 
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Nitrogen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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a) 
Nitrogen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 7.121: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel from artificial cells 56a – 58a, 62a and the reference cell 66a: a) full profiles; b) 
expanded to show the first 5 s of sputtering time, for improved clarity. 
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Hydrogen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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a) 
Hydrogen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 7.122: Hydrogen depth profiles obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel from artificial cells 56a – 58a, 62a and the reference cell 66a: a) full profiles; b) 
expanded to show the first 5 s of sputtering time, for improved clarity. 
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Chlorine depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0 2 4 6 8 10 12 14
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
control
cell 56a
cell 57a
cell 58a
cell 62a
cell 66a
 
a) 
Chlorine depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 7.123: Chlorine depth profiles obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel from artificial cells 56a – 58a, 62a and the reference cell 66a: a) full profiles; b) 
expanded to show the first 5 s of sputtering time, and without the profile for cell 57a, for improved 
clarity. 
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Sodium depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
0
1
2
3
4
5
6
0 5 10 15 20 25 30
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
control
cell 56a
cell 57a
cell 58a
cell 62a
cell 66a
 
a) 
Sodium depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 7.124: Sodium depth profiles obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel from artificial cells 56a – 58a, 62a and the reference cell 66a: a) full profiles; b) 
expanded to show the first 5 s of sputtering time, for improved clarity. 
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a)                                       b)                                        c) 
   
d)                                      e)                                        f) 
Figure 7.125: Photographic images of the uncoated DC01 steel: a) control specimen; b) – f) from 
the artificial cells. b) Cell 56a, c) cell 57a, d) cell 58a, e) cell 62a, f) cell 66a. 
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a) 
 
b) 
 
c) 
Figure 7.126: Optical micrographs of the uncoated DC01 steel (control specimen – non-corroded): 
a) magnification factor x 5, b) magnification factor x 20, c) magnification factor x 80. 
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a) 
 
b) 
 
c) 
Figure 7.127: Optical micrographs of the uncoated DC01 steel from artificial cell 56a, acquired at a 
magnification factor of x 5, showing: a) a blister; b) an intense streak of corrosion product, c) a 
diffuse streak of corrosion product. 
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a) 
 
b) 
Figure 7.128: Optical micrographs of the uncoated DC01 steel from artificial cell 56a, acquired at a 
magnification factor of x 20, showing: a) an area of substrate relatively free of corrosion products; 
b) the central regions of a blister. 
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a) 
 
b) 
 
c) 
Figure 7.129: Optical micrographs of the uncoated DC01 steel from artificial cell 56a, acquired at a 
magnification factor of x 80, showing: a) blue flaky material at the centre of a blister; b) intensely 
corroded substrate revealed by loss of the flaky material, c) detail of the blue flaky material. 
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a) 
 
b) 
Figure 7.130: Optical micrographs of the uncoated DC01 steel from artificial cell 57a, acquired at a 
magnification factor of x 5, showing: a) a group of rounded blisters; b) an elongate blister. 
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a)                                                                b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 7.131: Optical micrographs of the uncoated DC01 steel from artificial cell 57a, acquired at a 
magnification factor of x 20, showing: a) an area of substrate relatively free of corrosion products; 
b) a streak of corrosion product with nascent blisters, c) a moderately mature blister, d) a mature 
blister with blue flaky material and intense orange corrosion product, e) and f) details of the blue 
flaky material on large blisters. 
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a) 
 
b) 
  
c) 
Figure 7.132: Optical micrographs of the uncoated DC01 steel from artificial cell 57a, acquired at a 
magnification factor of x 80, showing: a) a localised deposit of corrosion product; b) blue flaky 
material on a mature blister, c) intense orange corrosion product revealed by loss of the blue flaky 
material at the centre of a mature blister. 
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a) 
 
b) 
Figure 7.133: Optical micrographs of the uncoated DC01 steel from artificial cell 58a, acquired at a 
magnification factor of x 5, showing: a) streaks of corrosion products with nascent blisters; b) 
moderately mature blisters. 
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a)                                                                 b) 
   
c)                                                                 d) 
  
e)                                                                 f) 
 
Figure 7.134: Optical micrographs of the uncoated DC01 steel from artificial cell 58a, acquired at a 
magnification factor of x 20, showing: a) an area of substrate relatively free of corrosion products; 
b) nascent blisters, c) moderately mature blisters, d) – f) blue flaky material on maturing blisters. 
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a) 
 
b) 
 
c) 
Figure 7.135: Optical micrographs of the uncoated DC01 steel from artificial cell 58a, acquired at a 
magnification factor of x 80, showing: a) substrate with localised deposits of corrosion product; b) 
blue flaky material on a mature blister, c) intense orange corrosion product revealed by loss of the 
flaky material at the centre of a blister. 
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Figure 7.136: Results of split cell experiment in which BZT is added to the cathodic side: a) current 
v time; b) potential v time. 
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b) 
Figure 7.137: Results of split cell experiment in which BZT is added to the anodic side: a) current v 
time; b) potential v time. 
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8 Corrosion Inhibitors – II: Cerium Compounds 
A study of corrosion inhibition by cerium nitrate, using split-cell and image-assisted 
electrochemical noise analysis, has been presented in the literature
137
. The addition of 
cerium nitrate to the electrolytic solution (35 g l
-1
 NaCl) had a marked effect on the 
cathodic reaction, but a less marked effect on the anodic reaction. The absence of sharp 
current spikes upon addition of cerium nitrate (in contrast to BZT) suggested that the 
mechanism of inhibition by cerium nitrate does not involve electron transfer reactions. 
By varying the concentration of electrolyte, it was further demonstrated that the 
intensity of inhibition increased as the concentration of electrolyte increased.  
In the absence of inhibitor, little or no corrosion product was observed on the specimen 
that was immersed in the anodic compartment, while significant amounts of corrosion 
product were observed to be associated with the second phase particles on the specimen 
that was immersed in the cathodic compartment. Thus, restricted cathodic reactions (due 
to de-aeration of the compartment and the relatively high corrosion potential) led to 
localised acidification of the specimen in the anodic compartment, such that 
precipitation of corrosion products was restricted. Addition of cerium nitrate to the 
anodic compartment did not significantly alter the appearance of the specimen, while 
addition of inhibitor to the cathodic compartment was found to restrict the build-up of 
corrosion product. The specimen from the cathodic compartment to which cerium 
nitrate had been added was subjected to EDX analysis, which revealed the presence of 
cerium nitrate on the second phase particles. Thus, the local changes in pH at cathodic 
sites lead to precipitation of cerium nitrate which, in turn, reduces the local cathodic 
activity. No precipitation of cerium nitrate onto the second phase particles is detected 
for the specimen from the anodic compartment, since the absence of oxygen in this 
compartment restricts local changes in pH. 
In the present chapter, the results of GDOES profiling and subsequent immersion 
testing of AA2024 T3 specimens supporting the three-layer TMEG-5CeN sol-gel 
coating are presented. The results of artificial cell experiments involving bare AA2024 
T3 alongside specimens supporting TMEG-5CeN or a glass-like CeO2CeN coating are 
also presented, followed by the results of artificial cells involving DC01 steel 
supporting EPOXY-Fe coatings doped with cerium nitrate. 
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8.1 AA2024 T3 supporting the three-layer TMEG 5CeN sol-gel coating 
8.1.1 Elemental depth profiling before immersion testing 
The elemental depth profile obtained using the 4 mm diameter source to sputter the 
TMEG-5CeN coating before the immersion test is presented in Figure 8.1. Various 
magnification factors have been applied to some of the signals for improved clarity.  
The three-layer structure of the coating is clearly evident due to changes in the intensity 
of the carbon and oxygen signals, both elements having an increased intensity in the 
second layer (Figure 8.1a). The silicon signal has a constant intensity throughout the 
first and second layers, increasing in the third layer before dropping to a baseline level 
at the interface with the substrate. The cerium is located largely in the second layer, as 
expected. 
 
8.1.2 Elemental depth profiling after immersion testing 
8.1.2.1 Bulk surface 
The elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface after the immersion test clearly indicates loss of the three-layer structure (Figure 
8.2). The intensity of the silicon signal is comparable to that sampled in the third layer 
before immersion, and the thickness of the coating is greatly reduced, becoming 
comparable to that of the single-layer non-inhibited TMEG coating (Table 8.1). The 
intensity of the cerium signal has been reduced to values comparable with the non-
inhibited TMEG coating (Chapter 5). 
 
8.1.2.2 Within the 4 mm diameter GDOES crater 
Figure 8.3 presents the elemental depth profile obtained by using the 2 mm diameter 
source to sputter within the 4 mm crater after the immersion test. Various multiplication 
factors have been applied to some of the signals to improve their clarity. The profile is 
broadly similar to that obtained for the bare alloy after immersion under the same 
conditions. 
The sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the bare alloy and the specimens supporting the TMEG and 
TMEG-5CeN coatings are compared in Table 8.1. Here it can be seen that the thickness 
of the corrosion products formed inside the craters in response to immersion increases 
in the order: bare alloy < TMEG 5CeN <TMEG. 
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Table 8.1: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for  the bare alloy and the specimens supporting the TMEG and TMEG 5CeN 
coatings. 
Specimen Before immersion 
After immersion in 35 g l
-1
 NaCl solution 
Bulk surface Within 4 mm crater 
Bare alloy 0.2 7.4 3.0 
TMEG 47 54 6.0 
TMEG 5CeN 125 55 3.8 
 
8.1.3 Characterisation 
8.1.3.1 Visual Inspection 
Figure 8.4 presents photographic images of a crater and the surrounding surface on the 
AA2024 T3 alloy supporting the TMEG 5CeN coating, acquired before and after the 
immersion test. It is evident that the exposed substrate on the crater base has become 
strongly discoloured in response to immersion (Figure 8.4b). The coating outside the 
crater appears patchy after immersion, indicating bulk loss of coating material. 
 
8.1.3.2 White light interferometry 
Figure 8.5 presents 3D height plots of a segment of a crater in the TMEG 5CeN coating 
before and after immersion. Both images were acquired at a magnification factor of x 
10. Before immersion (Figure 8.5a), the coating and crater floor appear smooth and are 
separated by a distinct ridge. After immersion (Figure 8.5b), the substrate surface on the 
crater base is considerably roughened, while pits are visible in the coating outside the 
crater. The ridge defining the edge of the crater has become less well-defined. Two pits 
are clearly visible in the bulk coating close to the crater perimeter after immersion 
(Figure 8.5b, upper left). 
 
8.1.3.3 Scanning Electron Microscopy (FEG SEM) 
FEG-SEM images of a specimen supporting the TMEG-5CeN coating, not subjected to 
immersion testing, is presented in Figure 8.6. The three-layer structure is clearly visible, 
with a high concentration of cerium nanoparticles in the second layer. A reduced 
concentration of cerium nanoparticles is revealed in the top layer. 
The bulk surface of the specimen that was subjected to the immersion test is imaged in 
Figure 8.7. The three-layer structure is no longer evident and the coating has become 
detached from the substrate (Figure 8.7a, b). There is no evidence of any cerium 
nanoparticles remaining in the coating after immersion. 
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FEG-SEM images showing a cross-section of a 4 mm diameter crater in the specimen 
that was not subjected to immersion testing are presented in Figure 8.8. The crater has a 
stepped profile, with some residual coating material remaining on the crater floor near 
the periphery. The crater wall is shear but jagged, possibly suggesting that the coating is 
inhomogeneous, consisting of a mixture of hard and soft regions leading to differential 
sputtering. 
The material that was excavated from the crater and deposited around the outside of the 
crater during sputtering displays the three-layer structure in reverse order, with a layer 
of the aluminium/copper substrate on top (Figure 8.8a). The deposit shows a gently 
sloping profile away from the crater, tailing off over a distance of about 320 μm (Figure 
8.9). Thus, surrounding the crater, there is an extended area in which the bulk surface of 
the coating is obscured. This would limit the ability of inhibiting species to move from 
the bulk coating into solution as the first step toward corrosion protection and self-
healing. 
A cross-section of a 4 mm crater in the specimen that was subjected to immersion 
testing is imaged in Figure 8.10. In Figures 8.10a and b, the crater wall no longer 
appears jagged. This may be explained by deposition of material derived from the bulk 
coating. Where residual coating was present on the crater floor, the three-layer structure 
has not been completely lost during immersion (Figures 8.10c – f). A section of the 
middle layer is clearly identifiable in Figure 8.10c due to a high concentration of cerium 
nanoparticles. Towards the centre of the crater, remnants of coating material are found 
only in depressions in the substrate where second phase particles were removed during 
surface pre-treatment (Figures 8.10e and f). 
 
8.1.3.4 EDX Spectra 
Figure 8.11 presents an EDX spectrum of an area of exposed substrate near the centre of 
a 4 mm diameter GDOES crater in the specimen that was not immersed. Peaks for O, 
Mn, Cu, Mg, and Al, typical of the AA2024 T3 substrate, are evident, while Ce is 
absent. This indicates complete exposure of the substrate in the area examined. 
A significant increase in the weight percentage of oxygen on the exposed substrate is 
indicated in the EDX spectrum acquired after the immersion test (Figure 8.12), 
indicating extensive corrosion. A minor increase in the weight percentage of cerium is 
indicated, suggesting that some cerium-containing species have transferred from the 
coating to the exposed substrate, but in insufficient concentration to afford corrosion 
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protection. This is in agreement with conclusion drawn from the elemental depth 
profiles. 
EDX spectra of the bulk coating, acquired before and after immersion, are presented in 
Figures 8.13 and 8.14. Note that the weight percent of cerium in the bulk coating before 
immersion is comparable with that evident on the exposed substrate after immersion 
(Figure 8.12). This is likely to represent the relative amount of cerium in the upper and 
lower layers of the three-layer coating, such that the cerium detected on the exposed 
substrate near the centre of the crater is most likely derived from the remnant (lower 
layer) of coating near the crater edge. 
Figure 8.14 indicates a significant loss of cerium from the bulk coating after immersion, 
especially from the area showing extensive cracking (i.e. spectrum 1, Figure 8.14). 
Where cracks are absent, some cerium is retained (spectrum 2, Figure 8.14). 
An increase in the weight percent of oxygen is evident where cracks are present in the 
coating (spectrum 1, Figure 8.14, compared with Figure 8.13), while a decrease in the 
weight percentage of oxygen is evident where cracks are absent (spectrum 2, Figure 
8.14). Thus, the cracks in the coating facilitate oxygen diffusion leading corrosion of the 
underlying substrate. 
No aluminium signal is observed in the EDX spectrum acquired before immersion 
(Figure 8.13), but aluminium is detected after immersion (Figure 8.14). A higher weight 
percent of aluminium is detected where cracks in the coating are absent (spectrum 2, 
Figure 8.14), thus indicating a general thinning of the bulk coating. This can be clearly 
seen in the photographic image in Figure 8.4b. 
 
8.1.3.5 High resolution transmission electron microscopy (HR-TEM) 
HR-TEM analysis of the AA 2024 T3 alloy supporting the three-layer coating (not 
subjected to immersion testing) is presented in Figures 8.15 and 8.16. The grey 
spherical particles of approximately 30 nm diameter, visible in the image (Figure 8.15a) 
are identified as SiO2 by the spectrum in Figure 8.15c. The cerium is present in the form 
of much finer particles of less than 10 nm diameter, for example in area 1 of Figure 
8.15a, identified by the spectrum in Figure 8.15d. The further images in Figure 8.16 
reveal a high concentration of cerium particles in the middle layer. The middle layer is 
porous, in contrast to the upper and lower layers. Note also that the interface between 
the upper and middle layer is lined with pores, suggesting poor adhesion, while the 
interface between the middle and lower layers appears more coherent.  
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8.1.4 Depth profiling and immersion testing: conclusions 
The outer and middle layers of the TMEG-5CeN coating were lost during the 
immersion test, resulting in complete dissolution of the cerium-containing inhibitor. The 
high resolution TEM images indicate that this is a result of poor adhesion between the 
upper and middle layers. Compared with the bare alloy immersed under the same 
conditions, the TMEG-5CeN coating did confer corrosion protection to the exposed 
substrate during the immersion test. However, there was a reduction in the thickness of 
corrosion products compared with those on the non-inhibited TMEG coating under the 
same conditions. 
Partner ICV suggested that the loss of the three-layer structure was due to a technical 
difficulty which led to insufficient curing of the specimens. Further specimens of the 
same formulation were later supplied, but these did not provide improved results as 
significant detachment of the coating continued to be a problem. An alternative 
formulation, referred to as TMEG methacrylate, was subsequently investigated in the 
artificial cell experiments, discussed in the following section. 
 
8.2 Artificial cells 
Artificial cells were prepared and two experiments, denoted series a and b, were run as 
outlined in Chapter 3. No specimen supporting the improved formulation TMEG 
methacrylate was available for series a. 
 
8.2.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
8.2.1.1 Aluminium depth profiles 
The aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
bare alloy from cells 51a – 54a and the control specimen are presented in Figure 8.17. 
The bare alloy exposed for 5 h in the presence of the specimen supporting the non-
inhibited TMEG coating (cell 51a, light blue profile), and the specimen exposed in the 
presence of that supporting the three-layer TMEG-5CeN (cell 52a, orange profile), both 
suggest an increased intensity of corrosion compared with the bare alloy from reference 
cell 54a (black profile). 
The aluminium depth profile of the bare alloy exposed in the presence of the specimen 
supporting a glass-like CeO2CeN coating (cell 53a, green profile, Figure 8.17) suggests 
an intensity of corrosion intermediate between the natural oxide layer on the control 
specimen (grey profile) and the bare alloy from the reference cell (black profile). 
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8.2.1.2 Oxygen depth profiles 
The oxygen depth profiles (Figure 8.18) indicate significantly increased relative 
amounts of oxygen sampled in the corrosion products on the bare alloy from cells 51a – 
53a compared with the bare alloy from reference cell 54a. The sputtering times taken to 
reduce the oxygen signals to one-half of the peak intensity are listed in Table 8.2. 
 
Table 8.2: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from cells 51a – 54a. 
cell control 51a 52a 53a 54a 
Sputtering 
time (s) 
0.47 2.60 1.02 0.96 1.20 
 
Thus, the thickness of corrosion products on the bare alloy increases in the order: 
Control specimen < cell 53a < cell 52a <cell 54a < cell 51a. 
 
8.2.1.3 Copper depth profiles 
The copper depth profiles of the bare alloy from cells 51a and 52a (light blue and 
orange profiles, Figure 8.19) suggest significantly enhanced de-alloying and re-
distribution of copper, compared with that indicated for the bare alloy from reference 
cell 54a (black profile). 
The copper depth profile of the bare alloy from cell 53a (green profile, Figure 8.19) 
suggests de-alloying and re-distribution of copper comparable with that for the 
specimen from reference cell 54a. 
 
8.2.1.4 Cerium depth profiles 
A significant amount of cerium is sampled in the corroded/altered layer on the bare 
alloy from cell 53a (green profile, Figure 8.20), confirming the leaching of cerium from 
the CeO2CeN coating, followed by precipitation onto the surface of the bare alloy. 
A minor increase in the amount of cerium is indicated on the bare alloy from cell 52a 
(orange profile) compared with both cell 51a (blue profile) and reference cell 54a (black 
profile). This amount is clearly insufficient to afford corrosion inhibition.  
 
8.2.1.5 Series a artificial cells: conclusions 
In view of the coating degradation observed for TMEG 5CeN in the immersion 
experiments (Section 8.1.1), it might be anticipated that cerium would be rapidly 
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released into the solution and potentially deposit onto the surface of the bare alloy 
during the artificial cell experiment. The elemental depth profiles indicate no corrosion 
protection and no measurable deposition of cerium onto the bare alloy in the presence of 
either the TMEG or TMEG 5CeN coatings. It may be assumed that degradation of the 
TMEG 5CeN coating results in loss of cerium species in bulk, such that cerium may 
have been deposited at the bottom of the cell rather than coherently over the surface of 
the bare alloy. 
Deposition of cerium onto the bare alloy, along with a reduction in the thickness and 
intensity of corrosion, is indicated in the presence of the specimen supporting the 
CeO2CeN coating. 
 
8.2.2 Elemental depth profiling of the bare alloy from the series b artificial cells 
8.2.2.1 Aluminium depth profiles 
The aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from cells 51b – 55b are presented in Figure 8.21. 
In Figure 8.25a, it is immediately evident that the bare alloy from cell 52b has been the 
subject of intense corrosion, greater than or equal to that of the bare alloy from 
reference cell 54b. In contrast to the reference cell, the aluminium depth profile of the 
specimen from cell 52b (orange profile, Figure 8.25a) displays a shoulder with an 
intensity of 5 arbitrary units between 5 and 20 s of sputtering time, indicating the 
formation of an intensely altered layer close to the surface of the bare alloy in the 
presence of the specimen supporting TMEG 5CeN. This may represent an enhanced 
intensity of corrosion or the incorporation of cerium into a layer which, if coherent, may 
limit further corrosion of the underlying substrate. The latter interpretation is favoured 
by the significant increase in the gradient of the aluminium signal at sputtering times 
greater than 20s, as this reflects a significant reduction in surface roughness. 
It is also obvious, from an inspection of Figure 8.25a that significantly less intense 
corrosion of the bare alloy has occurred in cells 51b, 53b and 55b, compared with 
reference cell 54b. The aluminium depth profiles obtained during the first 20 s of 
sputtering time are presented in Figure 8.21b. The aluminium depth profile of the bare 
alloy from cell 53b (green profile, Figure 8.21b) represents the least intense corrosion 
and is comparable with the control specimen (grey profile, Figure 8.21b). 
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8.2.2.2 Oxygen depth profiles 
The corroded/altered layer sampled on the bare alloy from cell 52b (orange profile, 
Figure 8.22a) displays a significantly increased thickness compared to the layer of 
corrosion products on the bare alloy from reference cell 54b (black profile). 
Significantly reduced thicknesses were sampled on the bare alloy from cells 51b, 53b 
and 55b, compared with both cell 54b and the reference cell. 
In Figure 8.22b, it is evident that the thickness of the corroded/altered layer on the bare 
alloy from cell 51b (blue profile) is significantly greater than that on the bare alloy from 
cells 53b and 55b (green and purple profiles, respectively). The thickness of the 
corroded/altered layer on the bare alloy from cell 53b is a little greater than that of the 
natural oxide layer on the control specimen (grey profile). 
Thus, the increase in thickness of the corroded/altered layers is in direct proportion to 
the increase in intensity of corrosion/surface roughness derived from inspection of the 
aluminium depth profiles. A quantitative view of the thickness of the corroded/altered 
layers is given by the sputtering times needed to reduce the oxygen signal to one-half of 
the peak intensity presented in Table 8.3. 
 
Table 8.3: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from cells 51b – 55b. 
cell control 51b 52b 53b 54b 55b 
Sputtering 
time (s) 
0.47 2.60 22.9 1.07 12.6 1.36 
 
8.2.2.3 Copper depth profiles 
The copper depth profile obtained by sputtering the bare alloy from cell 52b (orange 
profile, Figure 8.23a) suggests significant de-alloying and re-distribution of copper, 
comparable with that for the bare alloy from reference cell 54b (black profile). 
Significantly less extensive de-alloying and re-distribution of copper is indicated for the 
bare alloy from cells 51b, 53b and 55b, although the character of the copper profiles 
differs from that of the control specimen (grey profile, Figure 8.23b). The copper depth 
profile obtained by sputtering the bare alloy from cell 51b (blue profile, Figure 8.23b) 
reveals more extensive de-alloying and re-distribution of copper than in the case of the 
bare alloy from cells 53b and 55b, with the bare alloy from cell 53b most closely 
resembling the control specimen (grey profile). 
 726 
Thus, the extent copper de-alloying and re-distribution is in direct proportion to the 
intensity of corrosion/surface roughening of the bare alloy and to the thickness of the 
corroded/altered layers. 
 
8.2.2.4 Cerium depth profiles 
A significant amount of cerium was detected only on the surface of the bare alloy from 
cell 55b (purple profile, Figure 8.24). 
 
8.2.2.5 Series b artificial cells: conclusions 
The thinnest, least intensely corroded/altered layer was sampled on the bare alloy that 
was exposed in the presence of the specimen supporting the glass-like CeO2CeN 
coating. However, a significant amount of cerium was not detected on the surface of the 
bare alloy from this cell. This may be due to the solution becoming depleted in oxygen 
during the series b experiment, so that the anodic reaction would be disfavoured. 
The reduction in thickness and intensity of corrosion/surface alteration on the bare alloy 
in the presence of TMEG methacrylate was not as great as in the case of CeO2CeN, but 
was nonetheless significant. A significant amount of cerium was detected on the surface 
of the bare alloy that was exposed in the presence of TMEG methacrylate. 
 
8.2.3 Characterisation 
8.2.3.1 Visual inspection 
Visual inspection of the specimens from cells 51a – 54a (photographic images presented 
in Figure 8.25b – e) indicates a strongly discoloured matrix with a thin, discontinuous 
grey-white deposit of aluminium hydroxide. The discolouration of the matrix appears 
most intense in the case of the specimen from cell 51a. Figure 8.25a presents a 
photographic image of the control specimen for comparison. 
In the series b experiment, the bare alloy from cell 51b also displays the most intense 
discolouration of the matrix (Figure 8.26a). Surface deposits of grey-white aluminium 
hydroxide are again present, but are significantly more discontinuous than on the 
specimen from cell 51a (Figure 8.25b). On the bare alloy from cells 52b, 54b and 55b, 
the aluminium hydroxide deposits take the form of dense white particles. These are 
most numerous on the bare alloy from reference cell 54b, densely covering the entire 
surface area of the specimen. Dense particles of hydroxide are absent, but isolated white 
patches are present, on the bare alloy from cell 53b. Discolouration of the matrix is 
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significantly less intense on this specimen, but a large pit is clearly visible (arrow, 
Figure 8.26c). Other, smaller pits are likely located within the isolated white patches. 
Isolated pits are also visible on the bare alloy from cell 55b (arrows, Figure 8.26e). 
These observations support the conclusions that some corrosion inhibition of the bare 
alloy is provided by the presence of specimens supporting CeO2CeN or TMEG 
methacrylate coatings in the artificial cells. Visually, the presence of CeO2CeN appears 
to give the best result. 
 
8.2.3.2 Optical microscopy 
Series a cells Optical micrographs of the bare alloy from cell 51a, acquired at 
magnification factors of x 5, x 20 and x 80, are presented in Figure 8.27. No pits and no 
clumps of corrosion product were observed. At high magnification, the second phase 
particles are strongly reflective and show no signs of discolouration. 
No large pits were observed on the bare alloy from cell 52a, although a small pit is 
indicated by arrow 1 in Figure 8.28a. The presence of small-scale pitting is also 
suggested by the rounded deposits of corrosion product visible in Figure 8.28b (white 
arrow). Arrow 2 in Figure 8.28a indicates an arc of corrosion product – a further feature 
sometimes associated with pitting. At higher magnification, evidence of intergranular 
corrosion is visible (Figure 8.28c). 
The optical micrographs of the bare alloy from cell 53a reveal features intermediate 
between those observed on the bare alloy from cells 51a and 52a; no obvious pits, 
possibly some intergranular corrosion (arrow, Figure 8.29b) and no discolouration of 
the second phase particles. 
 
Series b cells In contrast to cell 51a, the optical micrographs of the bare alloy from cell 
51b indicate areas of intensely discoloured matrix with small pits surrounded by 
pronounced arcs and rings of aluminium hydroxide (Figure 8.30). 
Significantly larger deposits of aluminium hydroxide are imaged on the surface of the 
bare alloy from cell 52b (Figure 8.31a and b). At higher magnification, discolouration 
of the second phase particles is evident (Figure 8.31d – f). 
Isolated pits are imaged on the bare alloy from cell 53b (Figure 8.32b, c, f), although 
some areas remained pit-free (Figure 8.32a). The second phase particles are generally 
untarnished, although some discoloured particles are observed in association with 
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intergranular corrosion, visible at higher magnification (Figure 8.32h). Discolouration 
of the matrix is generally less intense than in the specimens from cells 51b and 52b. 
Groups of pits and arcs of corrosion product are visible at low magnification on the bare 
alloy from cell 55b (Figure 8.33a – c). Brown deposits of copper are observed 
surrounding some of the second phase particles (Figure 8.33d) and, at higher 
magnification, the smaller particles are strongly discoloured (Figure 8.33f). 
These observations suggest that corrosion inhibition of the bare alloy in the presence of 
specimens supporting the CeO2CeN or TMEG methacrylate coatings involves a reduced 
extent of pitting, a significant reduction in the deposition of aluminium hydroxide and a 
significant reduction in the extent of copper de-alloying. This supports the observations 
presented in the literature. 
 
8.3 DC01 steel supporting an EPOXY-Fe coating doped with cerium nitrate 
Artificial cells were prepared in which specimens of the uncoated DC01 steel were 
fixed opposite specimens supporting the EPOXY-Fe coating doped with 4%, 10% and 
16% cerium nitrate. The cells were used in the series a experiment, as outlined in 
Chapter 3. 
 
8.3.1 Elemental depth profiling of the uncoated DC01 steel from the series a cells 
8.3.1.1 Iron depth profiles 
The iron depth profiles obtained using the 4 mm diameter source to sputter three areas 
on each of the uncoated DC01 steel specimens from cells 59a – 61a are presented in 
Figures 8.34 – 8.36. The intensity of corrosion/surface alteration indicated for the 
specimen from cell 59a is remarkably uniform across the surface area of the specimen 
(Figure 8.34), whereas the specimens from cells 60a and 61a reveal significantly greater 
intensities of corrosion/surface roughening in the upper one-third of each specimen 
compared with the middle and bottom one-third (Figures 8.35 and 8.36). This may 
suggest the formation of a coherent protective film on the surface of the uncoated steel 
in the presence of the specimen supporting the coating doped with 4% cerium nitrate, 
while higher percentages of cerium nitrate may lead to non-uniformity of film 
formation. 
The iron depth profiles representing the least intensely corroded area on each of the 
uncoated specimens from cells 59a – 61a are presented on the same chart in Figure 8.37. 
Also presented are the iron depth profiles obtained by sputtering the control specimen 
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(non-corroded DC01), the specimen from reference cell 66a and the specimen from cell 
62a. 
The iron depth profiles obtained during the first 0.5 s of sputtering indicate similar 
intensities of corrosion/surface roughening for the specimens from the reference cell 
(black profile, Figure 8.37b) and cell 62a (purple profile, Figure 8.37b). The subsequent 
7.5 s of sputtering time reveal a higher intensity of corrosion for the reference specimen 
compared with that from cell 62a. Nonetheless, the specimen from cell 62a shows an 
enhanced intensity of corrosion in the layer sampled between 0.5 s and 8s when 
compared with the control specimen (grey profile, Figure 8.37). At sputtering times 
greater than 8 s, non-corroded iron is sampled and the profiles again appear similar. 
These observations suggest that the presence of the specimen supporting the non-
inhibited coating in cell 62a has an effect on the corrosion behaviour of the uncoated 
specimen. 
The iron depth profiles of the uncoated steel from cells 59a and 60a (orange and green 
profiles, Figure 8.37) are comparable with that of the specimen from reference cell 66a. 
The iron depth profile of the specimen from cell 61a (blue profile, Figure 8.37b) 
presents a significantly shallower gradient during the first 0.8s of sputtering time, 
suggesting a significantly higher intensity of corrosion or surface roughening. At 
sputtering times greater than 0.8s, the gradient becomes steeper than those of the 
specimens from cells 59a, 60a and 66a, suggesting a significant reduction in intensity of 
corrosion at the depths indicated by these sputtering times. Thus, it appears that the 
presence of the specimen supporting a coating doped with 16% cerium nitrate has a 
significant effect on the corrosion characteristics of the uncoated steel, such that a 
significantly shallower, intensely altered layer is observed. 
 
8.3.1.2 Oxygen depth profiles 
Figure 8.38 presents the oxygen depth profiles obtained by sputtering the uncoated 
DC01 steel from cells 59a – 62a and reference cell 66a. Immediately apparent in Figure 
8.38b is the significantly increased peak intensity of the oxygen signal for the specimen 
from cell 61a (blue profile), compared with the other cells, indicating a significantly 
greater relative amount of oxygen sampled in the corroded/altered layer. The sputtering 
times needed to reduce the oxygen signal to one-half of the peak intensity for each 
specimen are presented in Table 8.4. These figures indicate a similar thickness of the 
corroded/altered layers on the uncoated steel from cells 60a and 61a, while thinner 
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layers are indicated for the specimens from cells 59a, 62a and 66a. All specimens reveal 
significantly thicker altered layers than the control specimen. 
 
Table 8.4: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the uncoated DC01 steel from cells 59a – 62a and 
66a. 
cell control 59a 60a 61a 62a 66a 
Sputtering 
time (s) 
0.53 0.72 0.91 0.88 0.78 0.74 
 
8.3.1.3 Cerium depth profiles 
The cerium depth profile obtained using the 4 mm diameter source to sputter the 
uncoated DC01 steel from cell 61a (blue profile, Figure 8.39a) displays a peak intensity 
of 0.35 arbitrary units after a sputtering time of approximately 0.6 s. The half-peak-
width of the cerium signal is approximately 1.1 s. This suggests the presence of cerium 
on the surface of the uncoated steel, in a layer with thickness comparable to that of the 
corroded/altered layer as indicated by the oxygen depth profile. 
The cerium depth profiles of the uncoated steel from cells 59a and 60a (orange and 
green profiles, Figure 8.39b) reveal significantly lower peak intensities than that from 
cell 61a. The relative amount of cerium on the surface of the uncoated steel from cells 
59a and 60a is comparable with that on the specimen from reference cell 66a (black 
profile, Figure 8.39b) and less than that on the control specimen (grey profile, Figure 
8.39b). Thus, diffusion of cerium containing species from the coated specimen into 
solution, followed by deposition onto the uncoated steel, is confirmed only in the case 
of cell 61a (in which the coated specimen was doped with 16% cerium nitrate). 
 
8.3.2 Characterisation 
8.3.2.1 Visual Inspection 
Photographic images of the control specimen (uncoated DC01 steel, non-corroded), the 
specimens from cells 59a – 61a and reference cell 66a are presented in Figure 8.40. The 
surface of the specimen from cell 60a (Figure 8.40c) is comparable with that of the 
specimen from cell 66a (Figure 8.40e), each specimen having a broadly uniform 
distribution of large blisters and long, thick streaks of corrosion products. In contrast, 
the uncoated steel from cell 59a displays a dense population of small blisters with 
comparatively few thin streaks of corrosion products. The surface of the uncoated steel 
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from cell 61a reveals a complete absence of visible blisters, except on the upper left, 
where there is a dense population of small to medium-sized blisters. 
 
8.3.2.2 Optical Microscopy 
Optical micrographs of the uncoated DC01 steel from cells 59a – 61a, acquired at 
magnification factors of x 5, x 20 and x 80, are presented in Figures 8.41 – 8.49. 
Features imaged on the specimens from cells 59a and 60a are comparable with those 
discussed in previous chapters. The high magnification (x 80) images of the specimen 
from cell 61a reveal the presence of numerous purple deposits on discoloured matrix. 
These patches may represent concentrations of cerium nitrate. 
 
8.3.3 Series a artificial cells: conclusions 
In the presence of 4% cerium nitrate (cell 59a), corrosion/surface alteration of the 
uncoated steel is restricted in thickness, but of a comparable intensity to that observed in 
the absence of inhibiting species (cells 62a and 66a). In the presence of 10% cerium 
nitrate (cell 60a) a significant increase in thickness of the corroded/altered layer is 
observed, but with no measurable change in intensity of corrosion or surface roughness. 
This reflects the presence of a layer in which patches of iron oxide are interspersed with 
non-corroded iron (large blisters in isolated patches). 
In the presence of 16% cerium nitrate (cell 61a), the thickness of the corroded/altered 
layer is reduced compared to that observed in the presence of 10% cerium nitrate, but 
remains greater than that observed in the presence of 4% cerium nitrate. A significant 
increase in intensity of corrosion or surface roughening is indicated in the presence of 
16% cerium nitrate, but this is accompanied by a significant increase in the relative 
amount of cerium in the altered layer and by an almost complete absence of visible 
blistering. Thus, the presence of a protective altered layer incorporating cerium nitrate is 
indicated. 
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Elemental depth profile obtained using the 4 mm source to sputter the AA2024 T3 alloy 
supporting the TMEG 5CeN coating before immersion testing
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Figure 8.1: Elemental depth profile obtained using the 4 mm diameter source to sputter the 
AA2024 T3 alloy supporting the three-layer TMEG 5CeN coating before immersion testing. Note 
that multiplication factors have been applied to some of the curves to improve their clarity. 
 
Elemental depth profile obtained using the 4 mm source to sputter the bulk surface of the 
AA2024 T3 alloy upporting the TMEG 5CeN coating after immersion in 35 gl-1 NaCl solution 
for 2 days
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Figure 8.2: Elemental depth profile obtained using the 4 mm diameter source to sputter the bulk 
surface of the AA2024 T3 alloy supporting the three-layer TMEG 5CeN coating after the 
immersion test. Note that multiplication factors have been applied to some of the curves to improve 
their clarity. 
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Elemental depth profile obtained using the 2 mm source to sputter inside a 4 mm crater on 
the AA2024 T3 alloy supporting the TMEG 5CeN coating after immersion in 35 gl-1 NaCl 
solution for 2 days
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Figure 8.3: Elemental depth profile obtained using the 2 mm diameter source to sputter within a 4 
mm diameter crater on the AA2024 T3 alloy supporting the three-layer TMEG 5CeN coating after 
2 days of immersion in 35 g l
-1
 NaCl solution. Note that multiplication factors have been applied to 
some of the curves to improve their clarity. 
 
  
a)                                                 b) 
Figure 8.4: Photographic images of a 4 mm diameter GDOES crater and the surrounding area on 
the AA2024 T3 alloy supporting the TMEG 5CeN coating a) before and b) after the immersion test. 
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a) 
 
b) 
Figure 8.5: 3D images showing a segment of a 4 mm diameter GDOES crater, the raised crater edge 
and intact TMEG 5CeN coating on AA2024 T3 a) before and b) after the immersion test. Images 
were obtained using white light interferometry at a magnification factor of x 10. 
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a)                                                                 b) 
  
c)                                                                 d) 
Figure 8.6: FEG-SEM images showing a cross-sectional view of the TMEG-5CEN coating on the 
AA2024 T3 substrate before the immersion test: a) and c) backscattered electron images; b) and d) 
secondary electron images. The three layers of the sol-gel coating are clearly visible. The cerium 
nitrate nanoparticles appear as white specks outlines around the pores in the middle layer. 
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a)                                                                 b) 
  
c)                                                                 d) 
Figure 8.7: FEG-SEM images showing a cross-sectional view of the TMEG-5CEN coating on the 
AA2024 T3 substrate after 2 days of immersion in 35 g l
-1
 NaCl solution: a) and c) backscattered 
electron images; b) and d) secondary electron images. There is now no evidence of a three-layer 
structure of the coating and no cerium nitrate nanoparticles. De-lamination of the remaining 
coating from the substrate is evident. 
De-lamination 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 8.8: FEG-SEM images showing cross-sectional views of a 4 mm GDOES crater in the 
TMEG-5CEN coating before the immersion test: a), c) and e) backscattered electron images; b), d) 
and f) secondary electron images. At the crater periphery in a) the bulk three-layer coating (arrow 
1) is overlain by deposited material with the three layers in reverse order (arrow 2) and substrate 
on the top (arrow 3). In b) and c), the crater base is seen to extend into the AA2024 T3 substrate. In 
e) and f) the crater wall is seen to be jagged, with a ledge on incompletely removed coating 
extending into the crater. 
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Figure 8.9: Composite FEG-SEM image presenting a cross-sectional view of a 4 mm GDOES crater 
in the TMEG-5CEN coating before the immersion test, showing the full extent of the deposited 
material. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                  f) 
Figure 8.10: FEG-SEM images showing cross-sectional views of a 4 mm GDOES crater in the 
TMEG-5CEN coating after the immersion test: a), c) and e) backscattered electron images; b), d) 
and f) secondary electron images. In a) and b) the crater wall no longer appears jagged. A 
remainder of coating on the inside edge of the crater in image c) shows a remnant of the middle 
layer with cerium nitrate nanoparticles. Further toward the centre of the crater, residual coating is 
found only in depressions, such as that shown in e) and f). 
 
Crater wall 
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a) 
 
b) 
Element Weight% Atomic% 
O K 2.91 4.96 
Mg K 1.40 1.57 
Al K 90.03 90.91 
Mn K 0.63 0.31 
Cu L 5.41 2.32 
Ce L -0.38 -0.07 
Totals 100.00  
c) 
Figure 8.11: a) Electron image highlighting an area of exposed substrate within a 4 mm GDOES 
crater on a specimen supporting the TMEG 5CeN coating (control – not immersed); b) EDX 
spectrum acquired from the highlighted area, c) table of elemental abundances derived from the 
EDX spectrum. 
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a) 
 
 
b) 
Element Weight% Atomic% 
O K 29.81 43.09 
Mg K 0.84 0.80 
Al K 61.06 52.34 
Si K 1.86 1.53 
Mn K 0.33 0.14 
Cu L 5.52 2.01 
Ce L 0.59 0.10 
Totals 100.00  
c) 
Figure 8.12: a) Electron image highlighting an area of exposed substrate within a 4 mm GDOES 
crater in a specimen supporting the TMEG 5CeN coating, after the immersion test; b) EDX 
spectrum acquired from the highlighted area, c) table of elemental abundances derived from the 
EDX spectrum. 
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a) 
 
 
b) 
Element Weight% Atomic% 
C K 15.01 21.89 
O K 54.21 59.34 
Si K 29.93 18.66 
Ce L 0.85 0.11 
Totals 100.00  
c) 
Figure 8.13: a) Electron image highlighting an area of the bulk TMEG 5CeN coating (control – not 
immersed); b) EDX spectrum acquired from the highlighted area, c) table of elemental abundances 
derived from the EDX spectrum. 
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a) 
 
b) 
 
c) 
Spectrum 1 Spectrum 2 
Element Weight% Atomic% Element Weight% Atomic% 
C K 16.59 23.31 C K 15.91 23.31 
O K 59.10 62.34 O K 50.62 55.68 
Al K 0.32 0.20 Al K 2.81 1.83 
Si K 23.44 14.08 Si K 30.60 19.17 
Ce L 0.55 0.07 Ce L 0.06 0.01 
Totals 100.00  Totals 100.00  
d) 
Figure 8.14: a) Electron image highlighting two areas of the TMEG 5CeN coating, after the 
immersion test; b) and c) EDX spectra obtained from the highlighted areas, d) table of elemental 
abundances derived from the EDX spectra. 
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SiO particles
Matrix
Cerium particles
 
a) 
  
b) 
 
b) 
 
d) 
Figure 8.15: a) HR-TEM image of the bulk surface of the TMEG-5CeN coating (control – not 
immersed), showing SiO2 particles (point 1), cerium particles (area 1) and the coating matrix (area 
2). The corresponding spectra are presented in b) – d) 
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a) 
 
b) 
Figure 8.16: HR-TEM images of a cross-section of the three-layer TMEG-5CeN coating (control – 
not immersed): a) the three layer with highlighted areas expanded to show the interfaces between 
the layers and the high porosity of the middle layer; b) the three layer with highlighted areas 
expanded to show (clockwise) the texture of the upper layer, a pore in the middle layer and the 
texture of the bottom layer. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare alloy from the artificial cells (ICV series a).
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Figure 8.17: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 51a -54a. 
 
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series a).
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Figure 8.18: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 51a -54a. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series a).
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Figure 8.19: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 51a -54a. 
 
Cerium depth profile  obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series a)
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Figure 8.20: Cerium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 51a -54a. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare alloy from the artificial cells (ICV series b).
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a) 
Aluminium depth profiles obtained by GDOES sputtering of the
bare alloy from the artificial cells (ICV series b).
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b) 
Figure 8.21: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 51b – 55b: a) full profiles; b) the first 20 s 
of sputtering time. In b) the profiles of the bare alloy from cells 52b and 54b have been omitted for 
improved clarity. 
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Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series b).
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a)
Oxygen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series b).
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b) 
Figure 8.22: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 51b – 55b: a) full profiles; b) the first 20 s of 
sputtering time. In b) the profiles of the bare alloy from cells 52b and 54b have been omitted for 
improved clarity. 
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Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series b).
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a) 
Copper depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series b).
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b) 
Figure 8.23: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 51b – 55b: a) full profiles; b) the first 20 s of 
sputtering time. In b) the profiles of the bare alloy from cells 52b and 54b have been omitted for 
improved clarity. 
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Cerium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (ICV series b)
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Figure 8.24: Cerium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 51b – 55b. 
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a)                         b)                         c)                         d)                          e) 
Figure 8.25: Photographic images of a) the control specimen and b) – e) bare alloy from artificial 
cells (series a); b) cell 51a, c) cell 52a, d) cell 53a, e) cell 54a. 
 
     
a)                         b)                        c)                         d)                          e) 
Figure 8.26: Photographic images of the bare alloy from artificial cells (series b): a) cell 51b; b) cell 
52b, c) cell 53b, d) cell 54b, e) cell 55b. The arrows indicate large pits. 
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a) 
 
b) 
 
c) 
Figure 8.27: Optical micrographs of the bare alloy from artificial cell 51a at various magnification 
factors: a) x 5; b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 8.28: Optical micrographs of the bare alloy from artificial cell 52a at various magnification 
factors: a) x 5, b) x 20, c) x 80. In a) arrow 1 indicates a pit and arrow 2 indicates a ring of 
corrosion product. The arrow in b) indicates a deposit of aluminium hydroxide. 
1 
2 
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a) 
 
b) 
 
c) 
Figure 8.29: Optical micrographs of the bare alloy from artificial cell 53a at various magnification 
factors: a) x 5; b) x 20, c) x 80. The arrow in b) indicates intergranular corrosion. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 8.30: Optical micrographs of the bare alloy from artificial cell 51b at various magnification 
factors: a) x 5; b) – d) x 20, e) and f) x 80. 
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a)                                                                b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
Figure 8.31: Optical micrographs of the bare alloy from artificial cell 52b at various magnification 
factors: a) x 5; b) and c) x 20, d) – f) x 80. 
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a)                                                                 b) 
  
c)                                                                d) 
  
e)                                                                 f) 
  
g)                                                                h) 
Figure 8.32: Optical micrographs of the bare alloy from artificial cell 53b at various magnification 
factors: a) – c) x 5; d) – f) x 20, g) and h) x 80. 
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a)                                                                 b) 
  
c)                                                                 d) 
  
e)                                                                 f) 
  
g)                                                                h) 
Figure 8.33: Optical micrographs of the bare alloy from artificial cell 55b at various magnification 
factors: a) – c) x 5; d) and e) x 20, f) – h) x 80. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 59a
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Figure 8.34: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from artificial cell 59a. 
 
Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
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Figure 8.35: Iron depth profiles obtained using the 4 mm s diameter source to sputter the uncoated 
DC01 steel from artificial cell 60a. 
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Iron depth profiles obtained using the 4 mm source to sputter the uncoated DC01 steel
from artificial cell 61a
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Figure 8.36: Iron depth profiles obtained using the 4 mm diameter source to sputter the uncoated 
DC01 steel from artificial cell 61a. 
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Iron depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel from 
the artificial cells (series a)
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a) 
Iron depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel from 
the artificial cells (series a)
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b) 
Figure 8.37: Iron depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the uncoated DC01 steel from artificial cells 59a – 62a and 66a: a) full profile (15 s of 
sputtering time); b) expanded to show the first 4 s of sputtering time, for improved clarity. 
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Oxygen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 8.38: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the uncoated DC01 steel from artificial cells 59a – 62a and 66a): a) full profile (15 s of 
sputtering time); b) expanded to show the first 4 s of sputtering time, for improved clarity. 
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Cerium depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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a) 
Cerium depth profiles obtained using the 4 mm source to sputter the unocated DC01 steel 
from the artificial cells (series a)
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b) 
Figure 8.39: Cerium depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the uncoated DC01 steel from artificial cells 59a – 61a and 66a. In both charts, only 
the first 4 s of sputtering time are shown. In b) the profile of the specimen from cell 61a has been 
omitted for improved clarity. 
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a)                                          b)                                         c) 
  
d)                                          e) 
Figure 8.40: Photographic images of the uncoated DC01 steel: a) control specimen (non-corroded); 
b) cell 59a, c) cell 60a, d) cell 61a, e) cell 66a (reference cell). 
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a) 
 
b) 
 
c) 
Figure 8.41: Optical micrographs of the uncoated DC01 steel from artificial cell 59a, acquired at a 
magnification factor of x 5, showing the presence of numerous blisters with carrying coverage of 
corrosion product. 
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a)                                                                   b) 
  
c)                                                                   d) 
 
e) 
Figure 8.42: Optical micrographs of the uncoated DC01 steel from artificial cell 59a, acquired at a 
magnification factor of x 20, showing a) a blister covered by blue flaky material, b) an area of 
relatively untarnished substrate, c) and d) corrosion products, possibly associated with a developing 
blister, e) the centre of a mature blister. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 8.43: Optical micrographs of the uncoated DC01 steel from artificial cell 59a, acquired at a 
magnification factor of x 80, showing a) and c) the flaky material associated with maturing blisters, 
b) and d) deposits of corrosion product, e) intensely altered matrix, f) intense orange corrosion 
product at the centre of a mature pit. 
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a) 
 
b) 
 
c) 
Figure 8.44: Optical micrographs of the uncoated DC01 steel from artificial cell 60a, acquired at a 
magnification factor of x 5, showing a) a streak of corrosion product, b) an area of strongly 
discoloured matrix, c) two blisters. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 8.45: Optical micrographs of the uncoated DC01 steel from artificial cell 60a, acquired at a 
magnification factor of x 20, showing a) and b) blue flaky material covering maturing blisters, b) 
and c) deposits of corrosion product, c) relatively untarnished matrix and d) intensely altered 
matrix at the centre of a blister. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 8.46: Optical micrographs of the uncoated DC01 steel from artificial cell 60a, acquired at a 
magnification factor of x 80, showing a) blue flaky material over a blister, b) a deposit of corrosion 
products, c) and d) intensely altered matrix, e) and f) corrosion products at the centre of a pit. 
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a) 
 
b) 
 
c) 
Figure 8.47: Optical micrographs of the uncoated DC01 steel from artificial cell 61a, acquired at a 
magnification factor of x 5, showing strongly discoloured matrix and deposits of corrosion 
products. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 8.48: Optical micrographs of the uncoated DC01 steel from artificial cell 61a, acquired at a 
magnification factor of x 20, showing strongly discoloured matrix and deposits of corrosion 
products. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 8.49: Optical micrographs of the uncoated DC01 steel from artificial cell 61a, acquired at a 
magnification factor of x 80, showing strongly discoloured matrix and deposits of corrosion 
products. 
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9 Corrosion Inhibitors – III: Other Inhibitors 
Other corrosion inhibitors frequently used in sol-gel coatings include strontium 
aluminium polyphosphate (SAPP), mercaptobenzothiazol (MBT) and 
mercaptobenzimidazol (MBI). 
Raps and co-workers have shown that addition of SAPP to methacryloxy-based sol-gel 
coatings results in improved corrosion protection
97
. The initial pore-resistance of the 
sol-gel film was found to be higher in the presence of inhibitor than for the non-
inhibited coating, although the subsequent decrease in pore resistance (after 24 h of 
immersion) was an order of magnitude higher for the inhibited coating. This was 
attributed to accelerated water-uptake due to the hygroscopic nature of SAPP, which 
leads to swelling of the coating. With longer immersion times, this effect became 
advantageous, as the SAPP would dissolve in the adsorbed water and block the pores by 
volume expansion, thus healing any damage incurred by contact of the electrolyte with 
the oxide film on the underlying substrate. 
Raps and co-workers have also found that the method of addition of SAPP to the 
coating formulation is important. Specifically, addition of SAPP as a dispersion during 
hydrolysis leads to a reduced corrosion-protection efficiency compared with addition of 
SAPP powder directly to the sol-gel solution. 
Measurement of the corrosion potential of the coatings revealed a significant delay in 
the onset of anodic activity in the presence of SAPP. 
The addition of a Zr-based precursor (Zr-n-propoxide) to the sol-gel formulation was 
found to further increase coating stability and hence improve the barrier properties of 
the coatings. Improved corrosion protection by the coating with Zr-based precursor, in 
the absence of SAPP, was explained by the inhibiting effect of the complexing agents 
used in conjunction with the Zr-n-propoxide. 
The performance of MBT as a corrosion inhibitor for AA2024 T3 has been assessed by 
Zheludkevich and co-workers
39
. As with BZT (Chapter 7), the presence of MBT in 
solution resulted in corrosion protection by the formation of a coherent surface film, 
increasing the resistance of the underlying natural oxide film. In the case of MBT, the 
protective film formed almost immediately upon addition of the inhibitor to the solution 
and the increase in resistance was significant even at low concentrations of MBT. MBT 
molecules were also demonstrated to precipitate onto the second phase particles, 
possibly by formation of stable Cu−S bonds. The adsorbed inhibitor was shown to 
decrease the rate of both the anodic and cathodic reactions on AA2024 T3. 
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The results of artificial cell experiments involving bare alloy alongside specimens 
supporting non-inhibited methacryloxy based sol-gel coatings with inhibitor-doped 
primers are presented. Artificial cells involving SAPP-doped sol-gel coatings, with and 
without inhibitors in the primer, are also presented. 
 
9.1 AA2024 T3 supporting non-inhibited sol-gel coatings with inhibitor-doped 
primers 
Artificial cells were prepared and two series of experiments, series a and series b, were 
run as outlined in Chapter 3. 
 
9.1.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
The aluminium, oxygen, copper, sulphur, nitrogen and chromium depth profiles 
obtained using the 4 mm diameter source to sputter the bare alloy from cells 29a, 31a – 
35a, reference cell 54a and the control specimen (non-corroded) are presented in 
Figures 9.1 – 9.6. 
 
9.1.1.1 Aluminium depth profiles 
By visual inspection of the aluminium depth profiles, (Figure 9.1), the intensity of 
corrosion or surface-alteration of the bare alloy evidently increases in the order: 
Control specimen < cell 31a ≤ cell 33a < cell 32a ≤ cell 29a < cell 54a = cell 34a ≤ cell 
35a. 
 
9.1.1.2 Oxygen depth profiles 
The sputtering times required to reduce the oxygen signals to one-half of the peak 
intensity are given in Table 9.1. The thickness of the corroded or altered layers on the 
bare alloy is seen to increase in the order: 
Control specimen < cell 35a < cell 32a ≤ cell 31a < cell 33a < cell 54a < cell 29a ≤ cell 
34a. 
 
Table 9.1: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 29a, 31a – 35a 
and 54a. 
cell control 29a 31a 32a 33a 34a 35a 54a 
Sputtering 
time (s) 
0.78 1.31 1.18 1.17 1.20 1.32 1.15 1.24 
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The oxygen depth profile obtained by sputtering the bare alloy from cell 35a (dark blue 
profile, Figure 9.2) indicates a relatively high intensity of oxygen near the surface 
(sampled during the first 1.5 s of sputtering). Thus, a thin, intensely corroded layer is 
indicated in the absence of inhibitor. 
The presence of MBI in the primer (cell 34a, purple profile, Figures 9.1 and 9.2) does 
not significantly reduce the thickness or intensity of corrosion/surface alteration. The 
thickness and surface roughness of the corroded/altered layers formed in the presence 
and absence of MBI in the primer are greater than that on the bare alloy from reference 
cell 54a (black profile, Figures 9.1 and 9.2). 
Significant reductions in thickness and surface roughness are indicated in the presence 
of primers doped with MBT, BZT or SrCrO4. A high concentration of MBT gives a 
notably greater reduction in thickness and surface roughness of the altered layer than 
does a low concentration, as expected (compare the orange and pink profiles in Figures 
9.1 and 9.2). 
The greatest reduction in thickness of the altered layer is observed in the presence of the 
primer doped with BZT (Table 9.1). This is not obvious by visual inspection of the 
oxygen depth profiles because the peak oxygen intensity for this specimen is relatively 
high. Thus, a complete interpretation indicates a high relative amount of oxygen (area 
under the oxygen depth profile) in a thin layer. This may suggest the presence of a 
coherent, protective film. 
The greatest reduction in surface roughness on the bare alloy is observed in the presence 
of the primer doped with strontium chromate (green profile, Figure 9.1). The reduction 
in thickness of the altered layer is comparable with that observed in the presence of 
BZT. 
 
9.1.1.3 Copper depth profiles 
The copper depth profiles (Figure 9.3) indicate a significant reduction in de-alloying 
and re-distribution of copper near the alloy surface (first 1.5 s of sputtering time) in the 
presence of strontium chromate (cell 31a, green profile) or a high concentration of MBT 
(cell 33a, pink profile), compared with the reference cell (black profile). 
A moderate reduction in de-alloying and re-distribution of copper is indicated in the 
presence of BZT (cell 32a, light blue profile) or a low concentration of MBT (cell 29a, 
orange profile), compared with the reference cell. 
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Little reduction in de-alloying and re-distribution of copper is observed in the presence 
of the primer doped with MBI (cell 34a, purple profile). 
 
9.1.1.4 Sulphur depth profiles 
The sulphur depth profile of the control specimen (grey profile, Figure 9.4) reveals a 
peak intensity of 0.35 arbitrary units at approximately 0.3 s of sputtering time, falling 
sharply to baseline intensity (less than 0.05 arbitrary units) after a total sputtering time 
of 0.9 s. This indicates the presence of a thin, surface film containing sulphur species, 
probably due to sorption of atmospheric pollutants. 
The sulphur depth profiles obtained by sputtering the bare alloy from cells 29a, 33a – 
35a and reference cell 54a present peaks with significantly increased half-peak-widths 
compared to the control specimen, suggesting the presence of a sulphur-containing layer 
of increased thickness after the artificial cell experiment. The appearance of sulphur on 
the surface of the bare alloy from the reference cell suggests an extraneous source, 
perhaps from atmospheric pollutants dissolved in the sodium chloride solution during 
the artificial cell experiment, or from impurities in the sodium chloride used to make up 
the solution. Since the peak sulphur intensities for the bare alloy from cells 29a and 33a 
are less than that of the bare alloy from the reference cell, it is not clear whether some of 
the sulphur is due to the presence of MBT derived from the coated specimens. 
 
9.1.1.5 Nitrogen depth profiles 
A higher intensity of nitrogen is observed in the nitrogen depth profile of the bare alloy 
from cell 34a (pink profile, Figure 9.5) compared with the bare alloy from the other 
cells. This may indicate the presence of MBI, although it must be noted that the peak 
intensity of nitrogen is significantly less than that of the control specimen (grey profile, 
Figure 9.5). Thus, as observed in the case of the BZT-doped EPOXY-Al coatings 
(Chapter 7), there is a general diffusion of nitrogen-containing species away from the 
bare alloy during the artificial cell experiment. 
 
9.1.1.6 Chromium depth profiles 
A significant amount of chromium is detected on the surface of the bare alloy from cell 
31a, compared with the bare alloy from the non-inhibited cell 35a, the reference cell 54a 
and the control specimen (Figure 9.6). This suggests the presence of chromium-
containing species derived from the primer doped with SrCrO4. 
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9.1.1.7 Series a artificial cells: conclusions 
The presence of the coated specimen with strontium chromate-doped primer afforded 
the most significant reduction in both thickness and surface roughness of the altered 
layer on the bare alloy in the cells of series a. The presence of BZT allowed a similar 
reduction in thickness of the altered layer, but with a less significant reduction in 
surface roughness. 
The thickness and surface roughness of the altered layers were moderately reduced in 
the presence of MBT. A high concentration of MBT gave more significant protection 
than a low concentration. 
Strontium chromate, MBT and BZT were each found to have an effect on the behaviour 
of the copper during corrosion of the bare alloy, indicating that these species inhibit the 
cathodic reaction. 
The presence of MBI in the primer afforded no measurable corrosion protection to the 
bare alloy in the series a experiment. 
The presence of sulphur-containing or nitrogen-containing inhibitor species on the 
surface of the bare alloy was not unambiguously confirmed by examination of the 
sulphur and nitrogen depth profiles. In the case of sulphur, this was due to extraneous 
sources of sulphur. In the case of nitrogen, a significant loss of nitrogen from the bare 
alloy is invariably indicated when compared with the control specimen. 
The presence of chromium species on the surface of the bare alloy in the presence of 
strontium chromate is clearly indicated by the chromium depth profile. The chromium 
species are taken up into a layer of considerable thickness, as indicated by a half-peak-
width of approximately 4 s. 
 
9.1.2 Characterisation 
9.1.2.1 Visual inspection 
The photographic image of the bare alloy from reference cell 54a (Figure 9.7h) reveals 
intense discolouration of the matrix and numerous streaks and flecks of white corrosion 
product (aluminium hydroxide), indicating the locations of pits, some of which are just 
visible as dark spots (arrows, Figure 9.7h). 
The specimen from cell 29a (Figure 9.7b) also reveals an intense discolouration of the 
matrix. The disposition of the corrosion products differs from that on the specimen from 
cell 54a, taking the form of a thin, white veneer which, where present, appears 
moderately coherent. A small population of relatively large pits is visible on the surface 
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the specimen from cell 29a (one pit is indicated by an arrow in Figure 9.7b). These 
observations suggest some protection of the bare alloy due to the presence of a low 
concentration of MBT in the coated specimen, although the concentration of MBT was 
insufficient to produce a coherent, protective film over the entire surface area of the 
specimen. 
On the specimen from cell 33a, the presence of a high concentration of MBT has 
resulted in a much more extensive, coherent white film on the surface of the bare alloy 
(Figure 9.7e). Discolouration of the underlying matrix, where visible near the top of the 
specimen, is significantly less intense than that on the specimen from cell 29a. 
However, the presence of numerous dark circles suggests an increased population of 
pits, one of which is indicated by an arrow in Figure 9.7e. 
The photographic image of the bare alloy from cell 31a reveals little discolouration of 
the matrix and a small population of pits on the bare alloy in the presence of strontium 
chromate. No white corrosion products are visible, except at the centres of the larger 
pits such as that indicated by the arrow in Figure 9.7c. 
The surface of the bare alloy from cell 32a (Figure 9.7d) reveals intense discolouration 
of the matrix along with a patchy covering of white corrosion products and an increased 
population of pits (arrows) compared with those of the specimens from cells 29a and 
31a. These visual indicators of corrosion are less intense than those observed on the 
specimen from reference cell 54a (Figure 9.7h). Thus, the presence of BZT in the coated 
specimen affords some corrosion protection to the bare alloy in the artificial cell, but is 
less effective than either strontium chromate or a high concentration of MBT. 
The bare alloy from cell 34a (Figure 9.7f) indicates an intense discolouration of the 
matrix less than or equal to that of the bare alloy from reference cell 54a (Figure 9.7h). 
A patchy veneer of white corrosion product covering a moderate population of pits 
(arrows) is visible on the specimen from cell 34a. These observations may suggest a 
minor extent of protection of the bare alloy due to the presence of MBI in the coated 
specimen. However, the features observed on the surface of the specimen from cell 34a 
are closely comparable to those on the specimen from cell 35a, in which the coated 
specimen was non-inhibited (Figure 9.7g). Thus, the extent of corrosion inhibition 
indicated in the presence of MBI may be due primarily to an inhibitory effect of a 
component of the sol-gel coating. Such effects have recently been noted in the 
literature
138
. 
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9.1.2.2 Optical microscopy 
Cell 54a Optical micrographs of the bare alloy from reference cell 54a, acquired at 
magnifications of x 5, x 20 and x 80, are presented in Figure 9.8. The images suggest 
relatively uniform corrosion of the aluminium-rich matrix leading to general 
discolouration (Figure 9.8a) with isolated patches of corrosion product (Figures 9.8a 
and c). At increased magnification, some of the second phase particles appear to be 
discoloured and are surrounded by faint rings of re-deposited copper, while others 
remain unaffected. 
 
Cell 35a The optical micrographs of the bare alloy from cell 35a reveal a significantly 
less strongly discoloured matrix (Figure 9.9a) with numerous pits surrounded by 
deposits of aluminium hydroxide (Figure 9.9b-d). The pits range in size from 
approximately 20 to 100 µm across. 
 
Cell 29a The optical micrographs of the bare alloy from cell 29a show pits centred on 
circular deposits of corrosion product approximately 200 µm across (Figures 9.10a and 
b). The larger pits are also surrounded by thin arcs or rings of intergranular corrosion at 
distances of 200 – 500 µm from the pit centre. At higher magnification, extensive 
intergranular corrosion of the matrix is visible at the pit centre (Figure 9.10c). A high 
magnification image of an area of relatively non-corroded matrix reveals some (but not 
all) second phase particles are discoloured and surrounded by faint brown rings of re-
deposited copper (Figure 9.10e). 
 
Cell 31a The optical micrographs of the bare alloy from cell 31a in Figures 9.11a and b 
indicate a significant reduction in pit size (to approximately 150 µm, including the 
circular deposits of corrosion products). The corrosion products near the pit centre are 
seen, at higher magnification, forming large mounds (Figure 9.11d) rather than the 
numerous small particles observed on other specimens (e.g. Figure 9.10c). No 
discoloured second phase particles are observed in the non-corroded matrix (Figure 
9.11c). 
These observations suggest that the presence of strontium chromate from the coated 
specimen limits pit size and strongly inhibits the de-alloying and re-distribution of 
copper. 
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Cell 32a Figure 9.12 presents optical micrographs of the bare alloy from cell 32a. The 
pits are similar in size to those observed on the specimen from cell 31a, but the 
corrosion products surrounding the pit centre do not show such a strong tendency to 
form large mounds. 
 
Cell 33a The circular deposits of corrosion products surrounding the pits on the 
specimen from cell 33a (Figure 9.13) are more diffuse and lack the outer arcs and rings 
of intergranular corrosion observed on the specimen from cell 29a (Figure 9.10). This 
suggests that the presence of a high concentration of MBT, derived from the coated 
specimen, has some effect on the anodic corrosion reaction (pit growth and 
intergranular corrosion). 
 
Cell 34a The circular deposits of corrosion products surrounding the pits on the 
specimen from cell 34a are diffuse, asymmetrical and approximately 100 – 150 µm in 
radius. Thus, pit growth appears to be limited in the presence of MBI. However, in 
contrast to cells 31a – 33a, arcs of intergranular corrosion are visible at a distance from 
the pit centres (Figure 9.14a and b). At high magnification, limited clumping of the 
corrosion products is evident near the pit centre (Figure 9.14c). 
 
9.1.3 Elemental depth profiling of the bare alloy from the series b artificial cells 
9.1.3.1 Comparison of differentially corroded areas on individual specimens 
Cell 29b The aluminium depth profiles obtained using the 4 mm diameter source to 
sputter two differentially corroded areas on the bare alloy from cell 29b are presented in 
Figure 9.15. Crater 2 was located in the middle one-third of the specimen surface area 
(as oriented in the artificial cell experiment), while crater 3 was located in the bottom 
one-third. The profile for crater one (top one-third) is not presented because technical 
difficulties resulted in premature termination of GDOES sputtering. The top one-third 
of the specimen was visibly the most intensely corroded area and the sputtering 
difficulties most likely arose due to extreme surface roughness. 
The intense corrosion of this specimen is evident in the long sputtering time 
(approximately 140 s) required to achieve the maximum intensity of the aluminium 
signal. The oxygen depth profiles (Figure 9.16) display half-peak-widths of 
approximately 16 s, indicating the presence of a thick layer of corrosion products. 
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The least corroded area of the specimen was the bottom one-third, represented by crater 
3 in Figures 9.15 and 9.16. 
 
Cells 31b – 35b The aluminium depth profiles of the bare alloy from cells 31b – 35b are 
presented in Figures 9.17 – 9.21. In each case, as with the bare alloy from cell 29b, the 
least intensely corroded area was the bottom one-third of the specimen. Note, however, 
that the sputtering time needed to achieve the maximum intensity of the aluminium 
signal was, in each case, significantly less than that for the bare alloy from cell 29b. 
 
Cell 54b The intensity of corrosion/alteration indicated by the aluminium depth profiles 
of the bare alloy from cell 54b (Figure 9.22) is significantly greater than that of the bare 
alloy from cell 29b (Figure 9.15). As with the specimen from cell 29b, the most 
intensely corroded/altered area of the bare alloy from cell 54b was the top one-third and 
extreme surface roughness prevented successful acquisition of an elemental depth 
profile in this area of the specimen. 
 
9.1.3.2 Elemental depth profiles of the least corroded areas on each specimen 
Aluminium depth profiles The aluminium depth profiles obtained using the 4 mm 
diameter source to sputter the least corroded areas on the bare alloy from cells 29b, 31b 
– 35b, reference cell 54b and the control specimen (non-corroded) are presented on the 
same chart in Figure 9.23. 
 
Reference cell 54b In terms of intensity of corrosion, the bare alloy from reference cell 
54b (black profile, Figure 9.23) represents a definitive worst-case. The aluminium 
signal rises initially to level off at an intensity of approximately 10 arbitrary units after 
10 s of sputtering time. This intensity is maintained for a further 10 s, before the 
intensity begins gradually to increase again. The maximum intensity is not achieved 
until a total sputtering time of 100 s has elapsed, as seen in Figure 9.22. The shoulder 
between 10 and 20 s may represent a thick layer of intense corrosion, such that all, or 
most, of the aluminium within this layer is in the form of hydroxides. 
 
Control specimen The definitive best-case is represented by the control specimen (grey 
profile, Figure 9.23). Here, the aluminium signal rises sharply to reach the maximum 
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intensity after less than 10 s of sputtering time (90 % of the maximum intensity is 
achieved after a total sputtering time of approximately 4 s). 
 
Cell 35b The presence of a specimen supporting a non-inhibited sol-gel coating in cell 
35b (dark blue profile, Figure 9.23) results in a significant reduction in the sputtering 
time required to achieve maximum aluminium intensity (20s, compared to 100 s for cell 
54b). A reduced shoulder is observed in the signal, between 1.3 s and 2.2 s of sputtering 
time, suggesting the presence of a much thinner layer of intensely corroded material. 
 
Cell 29b The aluminium depth profile obtained by sputtering the bare alloy from cell 
29b (orange profile, Figure 9.23) displays a more extensive shoulder than that of the 
specimen from cell 35b, but not as extensive as that of the specimen from reference cell 
54b. Nevertheless, the maximum intensity of aluminium is not achieved until 
approximately 100 s of sputtering time, as for the reference specimen. This suggests that 
the average intensity of corrosion of the bare alloy from cell 29b is comparable to that 
of the specimen from the reference cell, but the distribution of high-intensity (shoulder) 
and lower intensity corrosion differs between the two specimens. Further, the gradient 
of the profile between 14 s and 25 s of sputtering time indicates a reduction in the 
intensity of corrosion in the second layer for the specimen from cell 29b. This may 
indicate the presence of a coherent surface-oxide layer, formed in the presence of a low 
concentration of MBT, restricting the diffusion of oxygen to the deeper regions and 
hence retarding further corrosion. 
 
Cells 31b, 32b and 34b The aluminium depth profiles obtained by sputtering the bare 
alloy from cells 31b, 32b and 34b (green, light blue and purple profiles, Figure 9.23) are 
broadly similar, each indicating a significant reduction in the average intensity of 
corrosion. Each profile presents a minor shoulder during the first second of sputtering 
time, possibly reflecting the presence of a thin, coherent film of oxide which limits 
corrosion of the underlying substrate. 
 
Cell 33b The most significant reduction in intensity of corrosion of the bare alloy is 
indicated for cell 33b. The gradient of the aluminium signal (pink profile, Figure 9.23) 
is comparable with that of the control specimen (grey profile, Figure 9.23). 
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Oxygen depth profiles The oxygen depth profiles obtained using the 4 mm diameter 
source to sputter the least corroded areas on the bare alloy from cells 29b, 31b – 35b, 
reference cell 54b and the control specimen (non-corroded) are presented on the same 
chart in Figure 9.24. The sputtering times required to reduce the oxygen signals to one-
half of the peak intensity are presented in Table 9.2. The thickness of the 
corroded/altered layers is seen to increase in direct proportion to increasing surface 
roughness (derived from the aluminium depth profiles), i.e. 
Control specimen < cell 33b < cell 34b < cell 31b ≤ cell 32 b << cell 35b << cell 29b << 
cell 54b. 
 
Table 9.2: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 29b, 31b – 35b, 
54b. 
cell control 29b 31b 32b 33b 34b 35b 54b 
Sputtering 
time (s) 
0.8 s 17 s 2.5 s 2.7 s 1.2 s 1.8 s 6.5 s 24 s 
 
Copper depth profiles The copper depth profiles presented in Figure 9.25 indicate a 
direct correlation between reduced de-alloying of copper and reduced thickness and 
intensity of corrosion as indicated by the oxygen and aluminium depth profiles. Thus, 
the bare alloy from cells 31b, 32b and 34b show similar extents of copper de-alloying 
and re-distribution, these being significantly less than indicated for the bare alloy from 
cells 29b, 35b and 54b. The copper depth profile of the bare alloy from cell 33b 
indicates the most significant reduction in copper de-alloying and re-distribution, 
comparable with the control specimen. Particularly notable is the presence of an initial 
peak in the intensity of the copper signal at 1.7 s of sputtering time, representing a high 
surface concentration of second phase particles (due to alkaline etching). 
 
Sulphur depth profiles The sulphur depth profiles in Figure 9.26 indicate significant 
loss of near-surface sulphur-containing species during the series b artificial cell 
experiment. 
 
Nitrogen depth profiles The nitrogen depth profile obtained by sputtering the bare alloy 
from reference cell 54 b (black profile, Figure 9.27) indicates a significant reduction in 
near-surface nitrogen compared with the control specimen (grey profile). After a 
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sputtering time of approximately 10 s, however, the nitrogen content of the specimen 
from cell 54a is comparable with that of the control specimen. 
The nitrogen depth profiles of the bare alloy from cells 32b – 35b indicate a significant 
reduction in the relative amount of near-surface nitrogen compared with the specimen 
from cell 54b, while the corroded layer on the specimen from cell 29b reveals an 
enhanced nitrogen content. Thus, there is no clear correlation between nitrogen content 
and the presence of MBT, BZT or MBI in the coated specimens. 
 
Chromium depth profiles The presence of chromium species in the corroded/altered 
layer on the bare alloy from cell 31b is clearly and unambiguously indicated by the 
chromium depth profile (orange profile, Figure 9.28). The peak chromium intensity is 
achieved after a sputtering time of approximately 5 s, after which the intensity falls 
gradually, to reach one-half of the peak intensity after a total sputtering time of 
approximately 9 s. Thus, the thickness of the chromium-containing layer is significantly 
greater than the thickness of the oxidised layer (as indicated by the sputtering time 
required to reduce the oxygen signal to one-half of its peak intensity, Table 9.2). 
 
9.1.3.3 Series b artificial cells: conclusions 
The greatest reduction in intensity of corrosion and thickness of corrosion products 
during the extended exposure time of the series b experiment was observed from the 
bare alloy in the presence of the primer doped with a high concentration of MBT. This 
is in contrast to series a, where the best result was obtained in the presence of the 
strontium chromate-doped primer. Thus, MBT affords corrosion protection for a greater 
period of time than does strontium chromate. Further, the presence of MBI, which 
afforded no measurable protection during the series a experiment, came second only to 
the high concentration of MBT during the series b experiment. In the light of these 
results, it may be suggested that the presence of mixed inhibitor (strontium chromate 
plus MBT or MBI) is investigated. 
 
9.1.4 Characterisation 
9.1.4.1 Visual inspection 
Cell 29b The photographic image of the bare alloy from cell 29b (Figure 9.29b) reveals 
an intensity of surface discolouration comparable with that of the bare alloy from 
reference cell 54b (Figure 9.29h). The white flecks of hydroxide covering the surface of 
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the specimen from cell 29b are less numerous and smaller than those visible on the 
specimen from the reference cell. 
 
Cells 31b and 34b The surface of the bare alloy from cells 31b and 34b, imaged in 
Figures 9.29c and f, present extreme surface discolouration. The white corrosion 
products on the surface of the specimen from cell 31b are localised, taking the form of 
dense white circular areas, some centred on visible pits (e.g. the white arrow, Figure 
9.29c). Deposits of this form are less conspicuous on the specimen from cell 34b, the 
surface of which is partially covered by a thin veneer of white corrosion product. Some 
dense mounds of corrosion product can be observed near the bottom of the specimen 
(arrow, Figure 9.29f). 
 
Cells 32b and 35b The specimens from cell 32b and 35b (Figures 9.29d and g) each 
show a reduction in the intensity of surface discolouration compared with the specimen 
from reference cell 54b (Figure 9.29h). For the specimen from cell 32b there is a 
reduction in the population of circular white deposits, with some corrosion product 
taking the form of a patchy white veneer (Figure 9.29g). The reduction in the population 
of circular white deposits appears even more significant on the specimen from cell 35b, 
but close inspection shows that there is a large population of pits, each centred on a faint 
ring of corrosion product. Thus, the incidence of pitting in the presence of the specimen 
supporting the non-inhibited sol-gel coating plus non-inhibited primer is not 
significantly different from that on the specimen from the reference cell. By contrast, a 
reduction in the extent of pitting is evident for the specimen from cell 32b (Figure 
9.29d), which possibly attributable to the presence of BZT. 
 
Cell 33b Surface discolouration of the bare alloy from cell 33b (Figure 9.29e) is 
comparable with that of the specimen from reference cell 54b (Figure 9.29h), but the 
presence of circular white deposits of corrosion product is considerably less significant 
on the specimen from cell 33b. 
 
9.1.4.2 Optical Microscopy 
Cell 29b Optical micrographs of the bare alloy from cell 29b, acquired at magnification 
factors of x 5, x 20 and x 80, are presented in Figure 9.30. At low magnification, 
numerous mounds of corrosion product are visible (Figure 9.30a). Some of the mounds 
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have an elongated appearance (Figure 9.30c), while others are distinctly rounded 
(Figure 9.30b). The rounded mounds are likely to be centred over pits, while the 
elongated mounds may be the result of movement of corrosion product under gravity 
during the artificial cell experiment. 
At higher magnification intergranular corrosion of the matrix can be observed (arrow, 
Figure 9.30d). Some of the second phase particles appear green (arrow, Figure 9.30e), 
while others appear brown with green peripheries (arrow, Figure 9.30). 
 
Cell 31b Groups of pits and larger isolated pits are imaged on the specimen from cell 
31b in Figure 9.31a and b. Intergranular corrosion, partially obscured by mounds of 
corrosion product, is visible at a magnification factor of x 20 (arrow, Figure 9.31c). At 
higher magnification, the second phase particles appear brown, with green rings at their 
peripheries (arrow 1, Figure 9.31e). Brown rings of re-deposited copper surround 
groups of second phase particles (arrow 2, Figure 9.31e). 
 
Cell 32b The pits imaged at low magnification on the bare alloy from cell 32b (arrow, 
Figure 9.32a) are significantly smaller than those observed on the specimen from cell 
31b (arrow, Figure 9.31a). At a higher magnification, many of the second phase 
particles are appear brown and are surrounded by extensive, overlapping rings of re-
deposited copper (Figure 9.32d). The second phase particles do not significantly display 
the green colouration observed on the specimens from cells 29b and 31b. 
 
Cell 33b The low magnification micrographs of the bare alloy from cell 33b reveal the 
presence of groups of pits and of larger isolated pits, each marked by dense, rounded 
mounds of corrosion product (Figures 9.33a and b). An area of localised intergranular 
corrosion, associated with small mounds of corrosion product, is imaged in Figure 
9.33c. Discoloured (brown) second phase particles surrounded by rings of re-deposited 
copper are visible at a magnification factor of x 80 (Figure 9.33e), but not in the images 
acquired at a magnification of x 20 (Figures 9.33c and d). Thus, de-alloying and re-
distribution of copper is significantly less extensive than on the specimen from cell 32b 
(Figure 9.32d). As with cell 32b, the second phase particles on the specimen from cell 
33b do not display the green discolouration that was observed on the specimens from 
cells 29b and 31b. 
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Cell 34b The optical micrographs of the bare alloy from cell 34b (Figure 9.34) reveal 
corrosion of the second phase particles comparable with that observed on the specimen 
from cell 32b. Comparison of Figures 9.34a (x 5) and 9.34c (x 20) suggests that the 
strong discolouration of the matrix is due to the extensive overlapping rings of corrosion 
products derived from the second phase particles, rather than to corrosion of the matrix 
itself. 
 
Cell 35b At low magnification, the surface of the bare alloy from cell 35b is 
characterised by large isolated pits (arrow, Figure 9.35a) and numerous elongated 
clumps of corrosion product (Figure 9.35b). At high magnification, some of the second 
phase particles are appear green (arrow 1, Figure 9.35e), while others appear brown 
(arrow 2, Figure 9.35e). 
 
Cell 54b The low magnification images of the bare alloy from cell 54b (Figures 9.36a 
and b) show features comparable with those described for cell 35b. The high 
magnification images reveal the presence of some discoloured (dark) second phase 
particles (Figure 9.36e), but these do not show any green colouration. 
 
Conclusions The green colouration of the second phase particles observed in some of 
the micrographs may indicate precipitates of MBT or MBI derived from the inhibitor-
doped primers (cells 29b, 33b and 34b). The green colouration is also observed in the 
presence of strontium chromate (cell 31b) but not in the presence of BZT (cell 32b) nor 
in the absence of a coated specimen (cell 54b). Some green discolouration is observed 
in the presence of the non-inhibited coating/primer system (cell 35b) and may be due to 
sulphur-containing impurities; a peak was noted in the sulphur depth profile of the bare 
alloy from cell 35b. 
 
9.2 AA2024 T3 supporting methacryloxy-based sol-gel coatings doped with 
strontium aluminium polyphosphate (SAPP) 
Artificial cells were prepared in which the bare alloy was fixed in close proximity to 
specimens supporting sol-gel coatings doped with strontium aluminium polyphosphate 
(SAPP). The preparation of the coatings is described in Chapter 3, Section 3.1.7. Two 
series of experiments were run, series a and series b, as outlined in Chapter 3. 
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9.2.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
9.2.1.1 Aluminium depth profiles 
The gradient of the aluminium depth profile of the bare alloy from cell 28a, obtained 
during the initial stages of sputtering (orange profile, Figure 9.37), is comparable with 
that of the bare alloy from reference cell 54a (black profile, Figure 9.37) and with that 
of the specimen from cell 37a (purple profile, Figure 9.37). A similar intensity of 
corrosion is thus indicated for each specimen. 
The gradients of the aluminium depth profiles obtained by sputtering the bare alloy 
from cells 39a and 41a (light blue and green profiles, Figure 9.37) are shallower than 
that of the specimen from cell 37a, with a notable further reduction in the rate of 
increase in the signal intensity between 1.5 s and 3 s of sputtering time. This suggests 
either an increased intensity of corrosion or the formation of a coherent, protective, 
altered layer in the presence of SAPP. 
 
9.2.1.2 Oxygen depth profiles 
The oxygen depth profiles are presented in Figure 9.38 and the sputtering times needed 
to reduce the oxygen signals to one-half of the peak intensity are listed in Table 9.3. The 
thickness of the corroded/altered layers on the bare alloy increases in the order: 
Control specimen < cell 39a < cell 37a < cell 41a < cell 54a ≤ cell 28a. 
 
Table 9.3: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 28a, 39a, 41a, 
37a and 54a. 
cell control 28a 39a 41a 37a 54a 
Sputtering time (s) 0.78 1.25 1.10 1.19 1.15 1.24 
 
Thus, the presence of the specimen supporting the SAPP-doped sol-gel coating plus 
non-inhibited primer (cell 28a) gives no measurable change in the thickness of the 
corroded/altered layer on the bare alloy, compared with the absence of a coated 
specimen (cell 54a). In both cases, the corroded/altered layer is moderately thicker than 
that formed in the presence of the non-inhibited sol-gel coating (cell 37a). 
Visual inspection of the oxygen depth profiles reveals a significantly higher peak 
intensity of oxygen, and hence a significantly higher relative amount of oxygen 
sampled, when sputtering the specimens from cell 39a and 41a (green and blue profiles, 
Figure 9.38) compared with the specimen from cell 37a (purple profile, Figure 9.38). 
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This may indicate the presence of thin, intensely oxidized (corroded) layers or the 
presence of thin protective layers incorporating SAPP derived from the coated 
specimens. 
 
9.2.1.3 Copper depth profiles 
The copper depth profiles indicate significantly reduced peak intensities when compared 
with the profile obtained by sputtering the control specimen (Figure 9.39). The peak 
intensity is also lower than that observed for the specimen from reference cell 54a. This 
indicates significant de-alloying and re-distribution of copper. 
The profile of the specimen from cell 28a displays a marked peak at approximately 1.2 s 
of sputtering time, comparable with the peak at 1.4 s for the control specimen, while 
further sputtering reveals a depletion of copper in the underlying layers. These 
observations suggest that the near-surface second phase particles are protected from de-
alloying by precipitation of SAPP, but de-alloying and redistribution of copper proceeds 
underneath the protected layer. 
In the absence of primer (cells 39a and 41a) the copper depth profiles indicate near-
surface depletion of copper, but with enhanced relative amounts of copper being 
sampled in the underlying layers (after sputtering times of 2.0 – 2.5 s). The region of 
enhanced copper corresponds with the above-noted reduction in the gradient of the 
aluminium signals for these specimens. Thus, the presence of a layer depleted in 
aluminium (and phosphorus – section 9.2.1.4) and enriched in copper is indicated on the 
bare alloy from cells 39a and 41a. The corresponding layer in the specimen from cell 
28a is depleted in copper and enriched in aluminium (and phosphorus – see section 
9.2.1.4). 
These observations suggest that the presence of SAPP confines active de-alloying of 
copper to a clearly defined layer on the bare alloy. The position of this layer varies 
depending upon whether or not the SAPP-doped sol-gel coating supports a primer and 
top-coat, suggesting that the primer and sol-gel have a synergistic effect upon the 
behaviour of copper during the artificial cell experiment.    
 
9.2.1.4 Phosphorus depth profiles 
After approximately 0.1 s of sputtering, the phosphorus depth profile of the control 
specimen (grey profile, Figure 9.40) rises sharply in intensity to level off at a maximum 
intensity of 0.13 arbitrary units after a total sputtering time of 0.5 s. The absence of a 
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phosphorus signal during the first 0.1 s suggests a complete absence of phosphorus in 
the natural oxide layer on the bare alloy. Beneath the oxide layer, a constant phosphorus 
yield with depth is indicated. 
The phosphorus depth profile of the bare alloy from cell 37a (purple profile, Figure 
9.40) is closely comparable to that of the bare alloy from reference cell 54a (black 
profile, Figure 9.40). The significant reduction in maximum intensity, compared with 
the control specimen, suggests a significantly lower relative amount of phosphorus 
sampled. Thus, in the presence of the specimen supporting the non-inhibited coating, or 
in the absence of any coated specimen, phosphorus is lost from the bare alloy during the 
artificial cell experiment. 
The phosphorus depth profile obtained by sputtering the bare alloy from cell 28a 
(orange profile, Figure 9.40) is comparable with that of the control specimen, but with 
an enhanced phosphorus peak intensity at 0.6 s tailing off gradually between 1.0 and 2.5 
s of sputtering time. At sputtering times greater than 2.5 s, a marked depletion of 
phosphorus is indicated relative to the control specimen. This indicates a significant 
concentration of phosphorus in the corroded/altered layer on the specimen from cell 
28a. This, in turn, suggests the presence of SAPP derived from the specimen supporting 
the SAPP-doped sol-gel coating plus non-inhibited primer. 
The phosphorus depth profiles of the bare alloy from cells 39a and 41a are markedly 
different from those discussed above. The increase in signal intensity is extremely 
gradual, such that the maximum intensity of 0.12 arbitrary units is not attained until a 
total sputtering time of 2.5 s. This would seem to indicate a significant depletion of 
phosphorus from the corroded/altered layers on the bare alloy exposed in the presence 
of specimens supporting SAPP-doped sol gel coatings in the absence of a primer. Thus, 
the synergistic effect of sol-gel coating and primer described in Section 9.2.1.3 appears 
to result from improved release of SAPP in the presence of the primer. 
 
9.2.1.5 Strontium depth profiles 
The strontium depth profiles are broadly similar, revealing no significant peaks (Figure 
9.41), each indicating a constant signal intensity of 0.08 arbitrary units. This is 
significantly greater than the strontium intensity obtained by sputtering the control 
specimen and would be suggestive of the presence of SAPP, except that the bare alloy 
exposed in the presence of the non-inhibited sol-gel coating (cell 37a) gives a similar 
strontium signal. 
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9.2.1.6 Series a artificial cells: conclusions 
An enhanced oxygen content of the sampled layers on the bare alloy from cells 39a and 
41a suggests either the presence of thin, intensely oxidized (corroded) layers or the 
presence of thin protective layers incorporating SAPP derived from the coated 
specimens in the absence of primer. The phosphorus depth profiles indicate depletion of 
phosphorus in the corroded/altered layers, while the copper depth profiles indicate near-
surface de-alloying and re-distribution of copper. Thus, inefficient corrosion inhibition 
by SAPP appears to be indicated in the absence of a primer. 
In the presence of the specimen supporting SAPP-doped sol-gel coating plus primer and 
topcoat (cell 28a), the corroded/altered layer on the bare alloy is significantly depleted 
in oxygen and enriched in phosphorus. De-alloying and re-distribution of copper near 
the surface is also significantly reduced. Thus the characteristics of the aluminium, 
copper and phosphorus depth profiles of the bare alloy from the artificial cells involving 
SAPP-doped specimens clearly differ depending on the presence or absence of primer 
and top coat. This may indicate a synergistic effect of the sol-gel and primer leading to 
enhanced release of SAPP. 
The presence of SAPP on the bare alloy is not confirmed by the strontium depth 
profiles, possibly due to the low sensitivity of GDOES for this element. 
 
9.2.2 Characterisation 
9.2.2.1 Visual inspection 
Photographic images of the control specimen and the bare alloy from cells 28a, 37a, 39a 
and 41a are presented in Figure 9.42. Intense discolouration of the matrix is evident for 
the bare alloy from cells 28a and 41a (Figure 9.42b and d). The discolouration is 
significantly less intense for the specimens from cells 39a and 37a (Figure 9.42c and e), 
being comparable with that of the specimen from reference cell 54a (Figure 9.7h). The 
elongated streaks of white corrosion product visible on the specimen from reference cell 
54a are not observed on the specimens from cells 28a, 37a, 39a and 41a. 
 
9.2.2.2 Optical microscopy 
Optical micrographs of the bare alloy from cells 28a, 37a, 39a and 41a, acquired at 
various magnification factors, are presented in Figures 9.43 – 9.46. Typical pitting 
features are evident on the specimens from cells 28a, 37a and 39a, but not on the 
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specimen from cell 41a. In each case, the second phase particles are not discoloured and 
are not surrounded by rings of brown corrosion product. 
 
9.2.3 Elemental depth profiling of the bare alloy from the series b artificial cells 
9.2.3.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering three differentially corroded areas 
on the bare alloy from cells 28b, 37b, 39b and 41b are presented in Figures 9.47 – 9.50. 
The aluminium depth profiles obtained by sputtering the least intensely corroded areas 
on each specimen are presented on the same chart, along with the profiles obtained by 
sputtering the control specimen and the specimen from reference cell 54a, in Figure 
9.51. Here, it is evident that the intensity of corrosion increases in the order: 
Control specimen < cell 28b ≤ cell 37b < cell 41b < cell 39b << cell 54b. 
Thus, the surface roughness of the bare alloy exposed in the presence of the specimen 
supporting SAPP-doped sol-gel coating plus primer and topcoat is closely comparable 
to that of the bare alloy exposed in the presence of the specimen supporting the non-
inhibited sol-gel coating (without primer). The presence of specimens supporting SAPP-
doped sol-gel coatings without primer/topcoat appears to allow significant increases in 
the surface roughness of the bare alloy.  
 
9.2.3.2 Oxygen depth profiles 
The oxygen depth profiles are presented in Figure 9.52 and the sputtering times needed 
to reduce the oxygen signals to one-half of the peak intensity are listed in Table 9.4. 
 
Table 9.4: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 28b, 39b, 41b, 
37b and 54b. 
cell control 28b 39b 41b 37b 54b 
Sputtering time (s) 0.78 2.30 11.8 8.62 2.15 23.9 
 
The thickness of the corroded/altered layers increases in the order: 
Control specimen << cell 37b < cell 28b << cell 41b < cell 39b << cell 54b. 
Thus, in contrast to the series a experiment, the corroded/altered layers sampled after 
exposure in the presence of SAPP-doped sol-gel under series b conditions are 
significantly thicker in the absence of primer/topcoat than in the presence of 
primer/topcoat. However, the necessarily different experimental conditions involved for 
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the series b cells must also be considered. In the absence of primer/top-coat, the entire 
surface area of the coated specimen (without any scratches) was exposed. In the 
presence of primer/top-coat, low-power GDOES sputtering was used to expose the sol-
gel without exposing the underlying substrate. Thus, the surface area of sol-gel exposed 
was limited. In the series a experiment, all the coated specimens supported controlled 
scratches. 
All SAPP-doped specimens lead to an increased thickness of corrosion/alteration than 
the non-inhibited sol-gel coating. Nonetheless, the thickness of these layers is 
significantly less than that on the bare alloy from reference cell 54b. 
 
9.2.3.3 Copper depth profiles 
The copper depth profiles in Figure 9.53 each indicate loss of the initial peak observed 
when sputtering the control specimen. Thus, significant de-alloying and redistribution 
of copper during the series b experiment is indicated. 
The extent of copper de-alloying and re-distribution is least significant for the 
specimens from cell 28b and cell 37b. Thus, similar extents of cathodic inhibition are 
indicated in the presence of the SAPP-doped sol-gel with primer and in the presence of 
the non-inhibited sol-gel.  
The presence of the specimen supporting the  high inorganic SAPP-doped sol-gel 
coating without primer (cell 39b) allowed more extensive de-alloying and re-
distribution of copper than the presence of the specimen supporting the standard SAPP-
doped sol-gel (cell 41b). 
 
9.2.3.4 Strontium depth profiles 
The strontium depth profiles of the bare alloy from cells 28b and 37b show sharp peaks 
of intensity 0.08 arbitrary units at 0.6 s of sputtering time (Figure 9.54). With continued 
sputtering, the strontium intensity declines, to level off at 0.075 arbitrary units after a 
total sputtering time of 1.1 s. In the case of cell 28a, the initial peak may suggest the 
presence of SAPP on the surface of the bare alloy, but the initial peak cannot be so 
explained in the case of cell 37b, in which the coated specimen was non-inhibited. 
No initial peak is observed in the strontium signals obtained by sputtering the bare alloy 
from cells 39b and 41b. 
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9.2.3.5 Phosphorus depth profiles 
The phosphorus depth profiles of the bare alloy from cells 28b and 37b indicate 
moderately enhanced relative amounts of phosphorus sampled near the surface (peaks at 
0.6 s of sputtering), with moderately reduced relative amounts of phosphorus between 1 
and 2 s of sputtering time, compared with the control specimen (Figure 9.55b). This 
may suggest the presence of SAPP precipitated onto the surface of the bare alloy in the 
presence of the specimen supporting the SAPP-doped sol-gel with primer (cell 28b), 
although the profile for the bare alloy from cell 37b cannot be so explained. 
The phosphorus depth profiles obtained by sputtering the bare alloy from cells 39b and 
41b reveal significantly broader initial peaks, centred at approximately 3 s of sputtering 
time, with significantly lower intensities than that of the control specimen (Figure 
9.55b). With continued sputtering, the phosphorus intensities decline before increasing 
again, to level off at intensities comparable to that of the control specimen after a total 
sputtering time of 10 – 15 s (Figure 9.55a). This indicates a distribution of phosphorus-
containing species throughout the full thickness of the corroded/altered layers (as 
indicated by the oxygen depth profiles). 
 
9.2.3.6 Series b artificial cells: conclusions 
The presence of SAPP-doped specimens without primer/topcoat leads to an increased 
thickness and intensity of corrosion/alteration compared with the non-inhibited sol-gel 
coating. Nonetheless, the thickness of these layers is significantly less than that on the 
bare alloy from reference cell 54b. In each case, phosphorus is sampled throughout the 
thickness of the altered layers, suggesting the presence of SAPP. 
The corroded/altered layer on the bare alloy exposed in the presence of the SAPP-doped 
sol-gel with primer is significantly reduced in thickness and contains phosphorus. The 
extent of copper de-alloying and re-distribution is significantly reduced. These 
observations suggest the presence of SAPP. However, closely comparable results are 
obtained for the bare alloy exposed in the presence of the non-inhibited sol-gel coating.  
 
9.2.4 Characterisation 
9.2.4.1 Visual inspection 
Photographic images of the bare alloy from cells 28b, 39b, 41b, 37b and the control 
specimen are presented in Figure 9.56. The bare alloy from cells 28b and 37b (Figure 
9.56b and e) are closely comparable in appearance, with strongly discoloured matrix, 
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localised dense deposits of white corrosion products and a general surface coverage of 
faint, circular deposits suggesting the presence of numerous pits. These may be 
compared with the bare alloy from reference cell 54b (Figure 9.56h). 
The bare alloy from cell 39b (Figure 9.56c) also has a strongly discoloured matrix, but 
with a duller appearance and lacking the dense white deposits. Some faint circular 
deposits (possibly pits) are present, but less numerous than on the specimens from cells 
37b and 54b. Thus, a reduction in the incidence of pitting in the presence of SAPP is 
implied. The appearance of the matrix may be suggestive of the formation of a coherent, 
protective layer. 
The photographic image of the bare alloy from cell 41b (Figure 9.56d) presents the most 
intensely discoloured matrix. Most of the specimen surface area is dark and dull, with 
the presence of small, white flecks of aluminium hydroxide. These flecks are 
significantly smaller and less numerous than on the specimen from reference cell 54b 
(Figure 9.29h). As with the specimen from cell 39b, the appearance of the bare alloy 
may from cell 41b may be suggestive of the formation of a coherent, protective layer in 
the presence of SAPP. The GDOES analyses of the bare alloy from cells 39b and 41b 
indicated the presence of thick layers with phosphorus-containing species throughout. 
 
9.2.4.2 Optical microscopy 
Optical micrographs of the bare AA2024 T3 alloy from cells 28b, 37b, 39b and 41b, are 
presented in Figures 9.57 – 9.60. Features associated with pitting are evident in the 
images for each of the specimens. The presence of brown deposits surrounding the 
second phase particles is seen to be largely responsible for the discolouration of the 
matrix, which is most intense for cell 41b (Figures 9.60 and 9.56d) and least intense for 
cell 28b (Figures 9.57 and 9.56b). 
 
9.3 AA2024 T3 supporting sol-gel coatings doped with strontium aluminium 
polyphosphate (SAPP) plus inhibitor-doped primer 
Artificial cells were prepared in which the bare alloy was fixed in close proximity to 
specimens supporting SAPP-doped sol-gel coatings plus inhibitor-doped primers. The 
specimens were supplied by EADS and are described in Chapter 3. Two series of 
experiments were run, series a and b, as outlined in Chapter 3. 
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9.3.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
9.3.1.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the bare alloy from cells 30a, 36a, 
40a, 47a and 48a are compared with that of the bare alloy from cell 28a (SAPP-doped 
sol-gel + non-inhibited primer) in Figure 9.61. Also shown are the profiles for the 
control specimen and the specimen from reference cell 54a. The intensity of 
corrosion/alteration of the sampled layers increases in the order: 
Control specimen ≤ cell 48a < cell 47a < cell 28a ≤ cell 30a ≤ cell 54a < cell 36a << cell 
40a. 
Thus, the presence of strontium chromate or a high concentration of MBT in the primer 
allows a measurable reduction in intensity of corrosion of the bare alloy, compared with 
the non-inhibited primer. The primer doped with MBI does not afford a measurable 
reduction in intensity of corrosion compared with the non-inhibited primer, although 
there remains a significant reduction in the intensity of corrosion compared with the 
specimen from reference cell 54a, which may be due to the presence of SAPP in the sol-
gel coating. The presence of BZT or a low concentration of MBT in the primer appears 
to lead to significantly increased surface roughness of the bare alloy, which may 
indicate an increased intensity of corrosion. Alternatively a protective altered layer may 
be present. 
 
9.3.1.2 Oxygen depth profiles 
The oxygen depth profiles are presented in Figure 9.62 and the sputtering times needed 
to reduce the oxygen signals to one-half of the peak intensity are listed in Table 9.5. The 
thickness of the corroded/altered layers on the bare alloy increases in the order: 
Control specimen < cell 30a < cell 48a < cell 40a < cell 54a ≤ cell 28a < cell 36a < cell 
47a. 
 
Table 9.5: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 30a, 36a, 40a, 
47a, 37a, 39a, 54a. 
cell control 30a 36a 40a 47a 48a 28a 54a 
Sputtering time (s) 0.78 1.06 1.29 1.17 1.31 1.11 1.25 1.24 
 
Thus, the presence of MBI in the primer affords the greatest reduction in thickness of 
the corroded/altered layer (compared with the non-inhibited primer) but with no 
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measurable reduction in the surface roughness (Section 9.3.1.1). In contrast, the 
presence of strontium chromate in the primer leads to significant reduction in both the 
thickness of the corroded/altered layer and surface roughness of the bare alloy. 
The presence of a high concentration of MBT in the primer gives a measurable 
reduction in the surface roughness, but the corroded/altered layer is significantly thicker 
than that formed in the presence of the non-inhibited primer. With a low concentration 
of MBT the corroded/altered layer is notably thinner, but the surface roughness is 
significantly greater than was observed in the presence of a high concentration of MBT. 
Thus, MBT clearly has an inhibitory effect on the corrosion of the bare alloy in the 
artificial cell and the increased thickness of the altered layer with increased 
concentration of MBT may indicate incorporation of MBT into the altered layer. 
The presence of BZT in the primer leads to a thicker corroded/altered layer and to 
increased surface roughness of the bare alloy, compared with the presence of the non-
inhibited primer. 
 
9.3.1.3 Copper depth profiles 
The copper depth profiles of the bare alloy from cells 47a and 48a display significant 
peaks of intensity 9 arbitrary units at approximately 1 s of sputtering time, comparable 
with the second peak in the profile of the control specimen (Figure 9.63).  The peaks are 
more pronounced than that observed when sputtering the bare alloy from reference cell 
54a. This indicates a reduction in the extent of copper de-alloying and re-distribution in 
the presence of strontium chromate or a high concentration of MBT in the primer, 
compared to the absence of a coated specimen. 
A similar peak, albeit of reduced intensity, is observed when sputtering the bare alloy 
from cell 28a, in which the coated specimen supported an SAPP-doped sol-gel with 
non-inhibited primer. The lower intensity indicates a lower relative amount of copper 
sampled in the altered layer, but the presence of the peak indicates little change in the 
distribution of copper between the matrix and the second-phase particles in the presence 
of SAPP. 
The copper peak is significantly less pronounced in the copper depth profiles obtained 
by sputtering the bare alloy from cells 30a and 36a, suggesting enhanced de-alloying 
and re-distribution of copper in the presence of primers doped with MBI or BZT. 
In the presence of a low concentration of MBT in the primer (cell 40a), there is a 
measurable depletion of copper between 1.0 and 1.5 s of sputtering time and an 
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enhanced relative amount of copper sampled at a sputtering time of 2.0 -2.5 s. This 
suggests significant de-alloying and re-distribution of copper. 
 
9.3.1.4 Phosphorus depth profiles 
The phosphorus depth profiles obtained by sputtering the bare alloy from cells 30a and 
47a each present a distinct peak of intensity 0.2 – 0.3 arbitrary units after 0.6 – 0.8 s of 
sputtering time (orange and pink profiles, Figure 9.64), possibly suggesting the presence 
of SAPP in the corroded/altered layers. These peaks are more intense than that observed 
for the bare alloy from cell 28a (dark blue profile, Figure 9.64). This suggests that the 
presence of MBI or a high concentration of MBT in the primer facilitates leaching of 
SAPP from the sol-gel coating. 
The phosphorus depth profiles of the bare alloy from cells 28a, 36a and 48a reveal peak 
intensities comparable to that of the control specimen. Thus, the diffusion behaviour of 
SAPP in the presence of primers doped with BZT or with strontium chromate is similar 
to that in the presence of a non-inhibited primer. 
By contrast, the profile of the bare alloy from cell 40a (light blue profile, Figure 9.64) 
indicates a depletion of phosphorus-containing species in the corroded/altered layer, to a 
thickness equivalent to a sputtering time of greater than 3 s. This suggests that the 
presence of a low concentration of MBT in the primer may inhibit the diffusion of 
SAPP. 
 
9.3.1.5 Sulphur depth profiles 
The sulphur depth profile obtained by sputtering the control specimen (grey profile, 
Figure 9.65) shows a peak intensity of 0.35 arbitrary units at a sputtering time of 0.4 s, 
decreasing to baseline intensity after a total sputtering time of 0.6 s. 
The sulphur depth profiles obtained by sputtering the bare alloy from cells 40a and 47a 
reveal significantly enhanced peak intensities and half-peak-widths compared to the 
control specimen. The sulphur-containing layer on the bare alloy from cell 47a (pink 
profile, Figure 9.65) is of comparable thickness to the corroded/altered layer, suggesting 
a direct correlation between the reduction in thickness and the presence of a high 
concentration of MBT. 
In the case of the specimen from cell 40a (light blue profile, Figure 9.65), a distinctive 
double peak is obtained and the thickness of the sulphur-containing layer is significantly 
greater than the thickness of the corroded/altered layer (as derived from the oxygen 
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depth profile). It may be suggested that the first peak represents MBT associated with 
the corroded/altered layer, while the second peak may represent extraneous sulphur (e.g. 
atmospheric pollutants adsorbed by the bare alloy before application of the sol-gel 
coating). 
The sulphur depth profile obtained by sputtering the bare alloy from cell 30a (orange 
profile, Figure 9.65) has a moderately enhanced peak intensity and half-peak-width 
compared with the control specimen, suggesting a lower relative amount of sulphur than 
that sampled on the bare alloy from cells 40a and 47a. The sulphur-containing layer is 
approximately half the thickness of the corroded layer, as derived from the oxygen 
depth profile. This may be consistent with the presence of MBI derived from the coated 
specimen.  
The sulphur depth profile obtained by sputtering the bare alloy from cell 28a (dark blue 
profile, Figure 9.65) is comparable to that of the specimen from reference cell 54a 
(black profile). These peaks are of reduced intensity but increased half-peak-widths 
compared with the control specimen, possibly indicating re-distribution of sulphur-
containing species present in the natural oxide layer on the bare alloy. 
 
9.3.1.6 Chromium depth profiles 
The presence of chromium on the surface of the bare alloy from cell 48a is clearly 
indicated in the chromium depth profile (green profile, Figure 9.66). The half-peak-
width is approximately 1.5s, indicating the presence of chromium species in a layer of 
greater thickness than the corroded/altered layer, as derived from the oxygen depth 
profile. 
No chromium peak is present in the chromium depth profiles obtained by sputtering the 
specimens from cells 28a or 54a, nor in the chromium depth profile of the control 
specimen, as expected. 
 
9.3.1.7 Nitrogen depth profiles 
The nitrogen depth profile of the bare alloy from cells 30a, 36a, 40a, 47a, 28a and 54a 
each reveal significantly reduced nitrogen content compared with that of the control 
specimen (Figure 9.67). The nitrogen peaks at approximately 0.9s of sputtering time 
indicate various amounts of nitrogen present near the surface, but this cannot be 
unambiguously attributed to the presence of MBT, MBI or BZT derived from the 
primers, since the bare alloy from cell 28a (non-inhibited primer) displays a significant 
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amount of residual nitrogen, while the specimen from cell 47a (high concentration of 
MBT) displays very little residual nitrogen. 
 
9.3.1.8 Series a artificial cells: conclusions 
The effects of the inhibitor-doped primers on the thickness and intensity of corrosion of 
the bare alloy and on the de-alloying and re-distribution of copper are summarised in 
Table 9.6. In this section, all coated specimens supported SAPP-doped sol-gel coatings. 
The presence of the specimen supporting an SAPP-doped sol-gel coating plus non-
inhibited primer was found to have an inhibitory effect on the de-alloying and re-
distribution of copper. The results given in Table 9.6 indicate a synergistic effect 
between SAPP and strontium chromate or between SAPP and a high concentration of 
MBT. However, the presence of either BZT or MBI in the primer appears to work 
against the contribution of SAPP, leading to a net enhancement of the de-alloying and 
re-distribution of copper. 
 
Table 9.6: Effects on the corrosion behaviour of the bare alloy due to the presence of 
various inhibitors in the primer on the coated specimens in the series a artificial cells. 
MBI reduced thickness intensity unchanged 
enhanced de-
alloying 
SrCrO4 reduced thickness reduced intensity inhibition 
MBT (high conc.) increased thickness reduced intensity inhibition 
MBT (low conc.) reduced thickness increased intensity 
Complicated effect 
on de-alloying 
BZT increased thickness increased intensity 
enhanced de-
alloying 
 
The diffusion of strontium chromate from the primer and subsequent deposition onto 
the bare alloy is unambiguously indicated by the chromium depth profile. The presence 
of sulphur- and/or nitrogen-containing species sampled when sputtering the bare alloy 
does not unambiguously indicate the presence of MBT, MBI or BZT, due to other 
possible sources for these signals. 
 
9.3.2 Characterisation 
9.3.2.1 Visual inspection 
Photographic images of the control specimen and the bare alloy from cells 30a, 36a, 
40a, 47a, 48a are compared with the bare alloy from cells 28a and 54a in Figure 9.68. 
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The bare alloy from cell 36a (Figure 9.68c) presents the most intense discolouration of 
the matrix, along with a small population of white flecks (aluminium hydroxide, 
possibly located over pits). This reflects the lack of activity of SAPP/BZT indicated by 
GDOES analysis. 
The image of the bare alloy from cell 48a (Figure 9.68f) shows discolouration of the 
matrix comparable with the bare alloy from cell 54a (Figure 9.68h). White streaks of 
corrosion product are visible on the specimen from cell 48a, but are significantly less 
pronounced than on the specimen from reference cell 54a and significantly less intense 
than that on the specimen from cell 36a (Figure 9.68c). This improved performance of 
SAPP/SrCrO4 compared with SAPP/BZT was noted when discussing the GDOES 
profiles. 
Discolouration of the matrix on the specimens from cells 30a, 40a and 47a (Figure 
9.68b, d and e) is significantly less intense than that on the specimens from cells 28a 
and 54a (Figure 9.69g and h). A thin film of white corrosion product is evident on each 
of the specimens from cells 30a, 40a and 47a, with visible evidence of pitting only on 
the specimen from cell 30a. The thin white film appears most coherent over the surface 
area of the specimen from cell 47a (Figure 9.69e). 
 
9.3.2.2 Optical microscopy 
Optical micrographs of the bare alloy from cells 30a, 36a, 40a, 47a and 48a, acquired at 
various magnification factors, are presented in Figures 9.69 – 9.73. Features associated 
with pitting and intergranular corrosion are clearly evident on the images of the bare 
alloy from cells 30a and 36a, are less pronounced on the specimen from cell 47a, and 
are generally absent on the specimens from cells 40a and 48a. Discoloured second phase 
particles surrounded by brown rings of re-deposited copper were not observed on any of 
the images. 
 
9.3.3 Elemental depth profiling of the bare alloy from the series b artificial cells 
9.3.3.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering three areas (top. middle and 
bottom one-third) of each of the specimens from cells 30a, 36a, 40a, 47a and 48a are 
presented in Figures 9.74 – 9.78. In each case, the least intense corrosion is indicated in 
the bottom one-third of the specimen surface area (crater 3) and the most intense 
corrosion is indicated in the top one-third (crater 1). The narrowest spread of corrosion 
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intensity across the specimen surface area is observed for the specimen from cell 47b. 
This is also the specimen requiring the shortest sputtering time to achieve maximum 
signal intensity (Figure 9.77). The longest sputtering time needed to achieve maximum 
signal intensity is indicated for the bare alloy from cell 40b (note the horizontal scale, 
Figure 9.76). 
The aluminium depth profiles obtained by sputtering the least corroded area on the 
specimens from cells 30b, 36b, 40b, 47b and 48b are compared with those of the control 
specimen and the bare alloy from cells 28b and 54b in Figure 9.79. 
The intensity of corrosion in the sampled layers is seen to increase in the order: 
Control specimen < cell 48b ≤ cell 47b ≤ cell 30b << cell 28b ≤ cell 36b << cell 40b << 
cell 54b. 
At the end of the 5h experiment (series a), the specimen from cell 28a was less 
intensely corroded than that from cell 30a. At the end of 200 h (series b), the specimen 
from cell 30b was significantly less intensely corroded than that from cell 28b. Thus, 
the inhibitory effect of MBI in the primer only becomes evident after exposure times 
exceeding 5 h. 
A similar observation is made regarding the presence of BZT or a low concentration of 
MBT in the primer. At the end of 5 h, the bare alloy from cells 36a and 40a were more 
intensely corroded than the specimen from reference cell 54a. At the end of 200 h, the 
bare alloy from cells 36b and 40b were significantly less intensely corroded than the 
specimen from reference cell 54b. 
The inhibitive effect of strontium chromate or a high concentration of BZT was clearly 
evident at the end of 5 h (series a) and remained evident after the longer exposure time 
of 200 h (series b). 
 
9.3.3.2 Oxygen depth profiles 
The oxygen depth profiles are presented in Figure 9.80a and the sputtering times needed 
to reduce the oxygen signal to one-half of the peak intensity for each specimen are listed 
in Table 9.7. 
 
Table 9.7: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity when sputtering the control specimen and the bare alloy from artificial cells 
30b, 36b, 40b, 47b, 28b and 54b. 
cell control 30b 36b 40b 47b 48b 28b 54b 
Sputtering time (s) 0.78 1.46 3.10 7.71 1.22 1.56 2.30 23.9 
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From Table 9.7, the thickness of corrosion products sampled on the bare alloy increases 
in the order: 
Control specimen < cell 47b < cell 30b < cell 48b < cell 28b< cell 36b << cell 40b << 
cell 54b. 
At the end of 5 h (series a), the corroded/altered layer on the bare alloy from cell 47a 
was significantly thicker than that on the specimen from reference cell 54a. At the end 
of 200h (series b), the corroded/altered layer on the bare alloy from cell 47b is 
significantly thinner than that on the specimen from reference cell 54b. Similarly, the 
corroded/altered layer on the specimen from cell 40b is significantly thinner than that on 
the specimen from cell 54b, while only a moderate reduction in thickness was detected 
for the bare alloy from cell  40a compared with 54a.  
These observations suggest that the presence of MBT in the primer provides corrosion 
protection over an extended time of exposure to a corrosive environment. Further, while 
strontium chromate performed better than MBT in the short term, a high concentration 
of MBT gave the best performance of all inhibitors studied in the long term. 
However, it should also be noted that the corroded/altered layer on the bare alloy from 
cell 28b is significantly thinner than that on the specimen from cell 54b. Thus, the 
corrosion protection indicated over the longer exposure time may, in large part, be 
attributed to the presence of the SAPP-doped sol-gel coating. 
 
9.3.3.3 Copper depth profiles 
The copper depth profiles presented in Figure 9.81 each suggest a reduction in the 
extent of copper de-alloying and re-distribution when compared with the specimen from 
reference cell 54b. The greatest reduction is observed for the specimens exposed in the 
presence of SAPP/ SrCrO4 or SAPP/MBI (cells 48b and 30b, dark blue and orange 
profiles, Figure 9.81b). 
The copper depth profile of the bare alloy exposed in the presence of SAPP/MBT (cell 
47b, pink profile, Figure 9.81b) reveals a moderate depletion of copper at the base of the 
corroded/altered layer (between 2 s and 4 s of sputtering time), indicating a moderate 
extent of de-alloying and re-distribution. This profile is closely comparable with that of 
the bare alloy exposed in the presence of the specimen supporting the SAPP-doped sol-
gel coating with non-inhibited primer (cell 28b, purple profile, Figure 9.81b). Thus, the 
moderate inhibition of copper de-alloying observed for the specimen from cell 47b is 
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likely to be primarily due to SAPP, with only a minor contribution by the MBT in the 
primer. 
A significant depletion of copper is indicated in the copper depth profile obtained by 
sputtering the bare alloy exposed in the presence of SAPP/BZT (cell 36b, light green 
profile, Figure 9.81b). The depletion is significant between 1 and 9 s of sputtering time, 
corresponding to the thickness of the corroded/altered layer (as derived from the oxygen 
depth profile. Thus, the presence of BZT in the primer appears to reduce the inhibitory 
effect of SAPP on copper de-alloying. 
The copper depth profile obtained by sputtering the bare alloy from cell 40 b indicates 
an enhanced extent of copper de-alloying and re-distribution in the presence of 
SAPP/MBT (cell 40b, light blue profile, Figure 9.81b), compared with that observed for 
the specimen from cell 36b. Thus, the presence of MBT reduces the inhibitory effect of 
SAPP on copper de-alloying and re-distribution more significantly than does BZT. 
It should be noted that, while the effect of SAPP is reduced in the presence of BZT or 
MBT in the primers, the extent of copper de-alloying and re-distribution remains 
significantly less than that observed in the absence of a coated specimen (black profile, 
Figure 9.81a). 
 
9.3.3.4 Sulphur depth profiles 
The sulphur depth profiles are presented in Figure 9.82. The sulphur peak of intensity 
0.35 arbitrary units at 0.3 s of sputtering time in the profile of the control specimen 
(grey profile) is probably due to sulphur-containing species absorbed from the 
atmosphere. The specimens from the artificial cells each display sulphur peaks of 
considerably reduced intensity compared with the control specimen. These signals 
cannot be unambiguously assigned to the presence of sulphur-containing inhibitors such 
as MBT or MBI because significant peaks are also present on the specimens from cells 
28b (non-inhibited primer) and 36b (BZT-doped primer). The most plausible 
interpretation of these peaks is that the represent the impurities originally present on the 
bare alloy surface, now located beneath corrosion products. 
 
9.3.3.5 Phosphorus depth profiles 
The phosphorus depth profiles are presented in Figure 9.83. The peaks in the 
phosphorus signals for the specimens from cells 30b, 36b and 47b appear significant 
 807 
(although the peak intensities differ widely) and may indicate the presence of SAPP 
derived from the coated specimen during the artificial cell experiment. 
No significant peak is observed in the phosphorus depth profile of the bare alloy from 
cell 40b (SAPP/MBT). In view of the observations made in Section 9.3.3.3, this 
suggests that the presence of MBT in the primer inhibits the release of SAPP from the 
sol-gel during the series b experiment. 
 
9.3.3.6 Chromium depth profiles 
The presence of chromium is clearly indicated on the bare alloy from cell 48b (Figure 
9.84). The half-peak-width of approximately 3 s indicates the presence of chromium in 
a layer of greater thickness than the corroded/altered layer, as indicated by the oxygen 
depth profile. 
As expected, no peaks are present in the chromium depth profiles obtained by sputtering 
the control specimen or the bare alloy from cells 28b and 54b. 
 
9.3.3.7 Nitrogen depth profiles 
The nitrogen depth profiles obtained when sputtering the bare alloy from artificial cells 
30b, 36b, 40b, 47b and 28b each indicate the presence of significantly less nitrogen than 
that sampled on the bare alloy from reference cell 54b (Figure 9.85a). Thus, the 
presence of nitrogen-containing species such as BZT, MBT or MBI is not confirmed by 
examination of the nitrogen depth profiles. 
 
9.3.3.8 Series b artificial cells: conclusions 
The presence of the specimens supporting SAPP-doped sol-gel coatings plus inhibitor-
doped primer all gave significant reduction in the thickness of the corroded/altered 
layers, along with significantly reduced extents of copper de-alloying, during the 200 h 
of exposure for the series b artificial cells, compared with the absence of a coated 
specimen. 
The presence of SAPP/SrCrO4, which afforded the most significant inhibition during 
the 5 h of exposure (series a), also gave the most significant reduction  in corrosion of 
the aluminium-rich matrix during the longer exposure time. A significant reduction in 
the extent of copper de-alloying was also observed. 
Inhibitors such as BZT or MBI (in low concentration), which did not afford protection 
during 5 h of exposure, significantly inhibited corrosion of the aluminium-rich matrix 
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during 200 h of exposure time. This suggests slow release of these inhibitors. In the 
presence of MBI, significant reduction in copper de-alloying was also observed; this 
effect was considerably less significant in the presence of BZT. 
The presence of a high concentration of MBT allowed a comparable reduction in 
corrosion of the aluminium-rich matrix to that observed in the presence of strontium 
chromate. However, the effect of a high concentration of MBT on copper de-alloying 
was less significant. 
The presence of a low concentration of MBT was significantly less effective at reducing 
the corrosion of the matrix and the re-distribution of copper. At low concentrations, the 
presence of MBT in the primer appears to reduce the inhibitory effect of the SAPP in 
the sol-gel, possibly by limiting the release of SAPP. Thus, the improved inhibition in 
the presence of a high concentration of MBT in the primer may be due entirely to MBT, 
with little or no contribution by SAPP.  
 
9.3.4 Characterisation 
9.3.4.1 Visual inspection 
Cell 28b The photographic image of the bare alloy from cell 28b (Figure 9.85g), in 
which the coated specimen supported the SAPP-doped sol-gel coating plus non-
inhibited primer, reveals a strongly darkened matrix and an intense white streak of 
corrosion product (aluminium hydroxide). Rounded deposits, probably indicating the 
sites of pitting, are also visible. 
 
Cells 30b and 36b Discolouration of the matrix is visually more intense on the bare 
alloy from cells 30b and 36b (Figure 9.85b and c), in which the coated specimen 
supported MBI- and BZT-doped primers respectively. The intensity of discolouration 
varies across the surface area of each specimen, suggesting that localised corrosion 
inhibition may be accompanied by intensified corrosion elsewhere. Intense white 
streaks of aluminium hydroxide are visible on each specimen, indicating pitting and 
corrosion of the aluminium-rich matrix comparable to that observed on the specimen 
from cell 28b. 
 
Cells 40b and 47b The photographic images of the bare alloy from cells 40b and 47b 
(Figure 9.85d and e) reveal intense discolouration of the matrix, but there is no intense 
white streak of aluminium hydroxide. The matrix on the specimen from cell 47b 
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displays a distinctive orange-red hue. Isolated round deposits of aluminium hydroxide 
(probably located over pits) are present on both specimens. 
 
Cell 48b. The image of the bare alloy from cell 48b (Figure 9.85f) reveals a significant 
reduction in discolouration of the matrix compared with the other specimens. The 
matrix is comparable with that on the specimen from reference cell 54b (Figure 9.85g). 
The surface coverage of white corrosion product visible on the reference specimen is 
significantly reduced on the specimen from cell 48b. 
 
9.3.4.2 Optical microscopy 
Cell 30b Optical micrographs of the bare alloy from cell 30b, acquired at various 
magnification factors, have been presented in Figures 9.86 – 9.88. Features associated 
with pitting of the aluminium-rich matrix are imaged, along with the presence of 
strongly discoloured secondary particles surrounded by extensive rings of re-deposited 
copper. The discolouration of the matrix (visible in the photographic image) is thus 
attributed to extensive de-alloying and re-distribution of copper. 
 
Cell 36b Optical micrographs of the bare alloy from cell 36b, acquired at various 
magnification factors, are presented in Figures 9.89 – 9.91. At low magnification (x 5), 
large-scale variations in the discolouration of the matrix are evident (Figure 9.89a – c). 
A pit surrounded by a ring of intergranular corrosion is imaged in Figure 9.89b. In 
Figure 9.89c, a ring of intergranular corrosion is visible, but no pit can be discerned. 
At moderate magnification (Figure 9.90a) the matrix appears coloured by re-deposited 
copper and there is evidence of wide-scale intergranular corrosion. One of the larger pits 
is seen to be the site of a cluster of hydroxide deposits (Figure 9.90b). 
At higher magnification (x 80) an area of intensely discoloured matrix is shown to 
contain discoloured second phase particles (Figure 9.91a). The surrounding matrix 
displays pink interference colours, possibly due to a thin layer of re-deposited copper. In 
the vicinity of a large pit (Figure 9.91b) and in an area of non-discoloured matrix 
(Figure 9.91c) most of the second phase particles retain a metallic lustre. Thus, while 
the strong matrix discolouration observed in the absence of SAPP (cell 37b) was 
associated with extensive corrosion of the second phase particles, here (in the presence 
of SAPP/MBI) there is a less strong association. 
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Cell 40b At low magnification (x 5) the bare alloy from cell 40b appears uniformly 
discoloured, with pits present but largely obscured (indicated by arrows in Figure 9.92a 
– c). Elongated deposits of aluminium hydroxide, up to 500 µm in length, are seen in 
Figure 9.92b (rectangle) and, at higher magnification, in Figure 9.93b. In Figure 9.93c, 
a pit is seen to be associated with both a cluster of hydroxide deposits and an arc of 
intergranular corrosion (to the left). The matrix at the lower right of the pit (imaged at 
high magnification in Figure 9.94a) shows strong interference colours. The second 
phase particles in this part of the matrix appear brown. Close to the centre of the pit the 
matrix has a significantly finer-grained appearance (Figure 9.94b). The smaller second 
phase particles are green (Figure 9.94b), while the larger second phase particles retain a 
metallic lustre. 
 
Cell 47b The optical micrographs of the bare alloy from cell 47b acquired at a 
magnification factor of x5 indicate the presence of pits of up to 500 µm diameter 
(Figure 9.95a), rings of aluminium hydroxide probably surrounding smaller pits (Figure 
9.95b) and some highly localised areas of discoloured matrix (Figure 9.95c). At higher 
magnification (x 20) the matrix has a well-defined granular texture (Figure 9.96a) 
comparable with that observed on the control specimen. This texture is less defined 
around the large pit imaged in Figure 9.96b, but is well-defined in Figure 9.96c, where 
part of a ring of intergranular corrosion is imaged. 
At higher magnification (x 80) an area of faintly discoloured matrix appears to be 
associated with a thin film of re-deposited copper (Figure 9.97b). Part of the arc of 
intergranular corrosion is imaged at high magnification in Figure 9.97c. 
 
Cell 48b The low magnification optical micrographs of the bare alloy from cell 48b in 
Figure 9.98 illustrate the variations in intensity of matrix discolouration across the 
specimen surface area. Two large pits (approximately 1500 µm diameter) are faintly 
visible in Figure 9.98b. The feature in Figure 9.98c is a smaller pit (approximately 500 
µm diameter), seen more clearly at a magnification factor of x 20 in Figure 9.99c. The 
edge of one of the large pits is imaged in Figure 9.99b. In the absence of pitting, the 
matrix has a well-defined granular texture (Figure 9.99a). 
At a magnification factor of x 80, a pit of approximately 80 µm diameter (including the 
surrounding clumps of hydroxide) is imaged in Figure 9.100a. Areas of strongly 
discoloured matrix are seen to be associated with the presence of numerous large, 
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strongly discoloured second phase particles (Figure 9.100b and c). Thus, the 
discolouration of the matrix is largely due to re-deposition of copper. 
 
9.4 Tartaric sulphuric acid anodized AA2024 T3 – an alternative to chromic 
acid anodizing 
Artificial cells were prepared in which the bare alloy was fixed opposite specimens 
supporting sealed and unsealed tartaric acid anodized films (cells 49 and 50). Cells were 
also prepared in which the bare alloy was fixed opposite the specimens supporting 
sealed and unsealed chromic acid anodized films (cells 46 and 43). Two series of 
experiments (a and b) were run, as outlined in Chapter 3. 
 
9.4.1 Elemental depth profiling of the bare alloy from the series a artificial cells 
9.4.1.1 Aluminium depth profiles 
The aluminium depth profiles obtained by sputtering the bare alloy from cells 43a, 46a, 
49a and 50 a are compared with the control specimen and the bare alloy from reference 
cell 54a in Figure 9.102. The intensity of corrosion (surface roughness) increases in the 
order: 
Control specimen < cell 43a ≤ cell 50a < cell 54a < cell 49a < cell 46a. 
The transient decrease in signal intensity at 2.8 s for the specimen from cell 49a is due 
to temporary plasma instability during sputtering. This may reflect a high degree of 
surface roughness for this specimen. 
Thus the presence of the specimens supporting unsealed CAA or unsealed TSA coatings 
allow a significant reduction in the intensity of corrosion of the bare alloy. 
 
9.4.1.2 Oxygen depth profiles 
The oxygen depth profiles are presented in Figure 9.103 and the sputtering times needed 
to reduce the oxygen signals to one-half of the peak intensity are listed in Table 9.8. 
The thickness of the corroded/altered layers increases in the order: 
Control specimen < cell 49a = cell 50a < cell 43a < cell 54a < cell 46a. 
 
Table 9.8: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 30b, 36b, 40b, 
47b, 37b, 39b and 54b. 
cell control 43a 46a 49a 50a 54a 
Sputtering time (s) 0.78 1.22 1.26 1.04 1.04 1.24 
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Thus, the thickness of the corroded/altered layer generally increases with increasing 
surface roughness, as indicated by the aluminium depth profiles (Section 9.4.1.1). Two 
notable exceptions are the specimen from cell 43a, on which the corroded/altered layer 
is thicker than expected for the intensity, and the specimen from cell 49a, on which the 
corroded/altered layer is thinner than expected. 
Thus, the presence of the specimen supporting the unsealed CAA film allows the 
formation of a thick altered layer on the bare alloy, along with a significantly reduced 
intensity of corrosion. This suggests the formation of a protective layer incorporating 
chromate-containing species. 
The presence of the specimen supporting the sealed CAA film allowed no reduction in 
the thickness or intensity of corrosion of the sampled layer on the bare alloy. This 
suggests that diffusion of CAA is inhibited in the case of the sealed film. 
The presence of the specimen supporting the unsealed TSA film allows a reduction in 
both the thickness of the altered layer and the surface roughness of the bare alloy.  
The presence of the specimen supporting the sealed TSA film results in a significant 
reduction in the thickness of the corroded layer on the bare alloy, without reducing the 
surface roughness. This may suggest the formation of a thin, protective film on the bare 
alloy due to limited diffusion of TSA from the sealed anodic film. 
 
9.4.1.3 Copper depth profiles 
The copper depth profile obtained by sputtering the bare alloy from cell 43a (orange 
profile, Figure 9.104) displays a pronounced peak of intensity 8 arbitrary units at a 
sputtering time of 1.5s, comparable with the second peak in the copper depth profile of 
the control specimen (grey profile, Figure 9.104). This suggests de-alloying and re-
distribution of copper from the second phase particles exposed at the surface by the pre-
treatment process (represented by the first peak in the copper signal for the control 
specimen), with limited de-alloying of copper in the immediately underlying substrate. 
By contrast, the copper depth profiles of the bare alloy from cells 50a, 49a and 46a 
indicate increasing extents of copper de-alloying and re-distribution in the 
corroded/altered layer. 
Thus the presence of the unsealed CAA allows a significant reduction in copper de-
alloying and re-distribution, i.e. the cathodic reaction is inhibited. The presence of the 
sealed CAA affords no detectable cathodic inhibition. 
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The presence of each of the TSA specimens affords reduction in the cathodic reaction 
intermediate between that observed for the unsealed and sealed CAA films. The 
unsealed TSA film affords greater cathodic inhibition than does the sealed film. 
 
9.4.1.4 Chromium depth profiles 
A significant amount of chromium is detected during sampling of the layer of corrosion 
products on the bare alloy from cell 43a (orange profile, Figure 9.105). No measurable 
amount of chromium is detected during sampling of the bare alloy from cell 46a (green 
profile, Figure 9.105). 
Thus, diffusion of chromium-containing species from the unsealed CAA film across the 
solution and the involvement of these species in corrosion inhibition are clearly 
indicated. Diffusion of chromium-containing species does not occur when the anodized 
film is sealed. 
As expected, no chromium is detected when sputtering the bare alloy from cells 49a, 
50a or 54a. 
 
9.4.1.5 Series a artificial cells: conclusions 
Diffusion of chromium-containing species from the unsealed CAA film and across the 
solution, followed by deposition onto the bare alloy has been demonstrated in the 
artificial cell experiment. This has been demonstrated to result in corrosion inhibition 
affecting the cathodic reaction. 
In spite of the presence of controlled scratches, chromate-containing species were 
unable to diffuse from the sealed CAA film during the artificial cell experiment. 
Corrosion inhibition, again affecting the cathodic reaction, was observed on the bare 
alloy in the presence of both the sealed and unsealed TSA films. There is evidence to 
the effect that the inhibiting species is small (compared to the chromate species in 
CAA) and able to diffuse from the sealed film (to a limited extent) in the presence of 
controlled scratches. 
 
9.4.2 Characterisation 
9.4.2.1 Visual inspection 
Photographic images of the control specimen and the bare alloy from cells 43a, 46a, 49a 
and 50a are presented in Figure 9.106. While the bare alloy from cell 46a is strongly 
discoloured (Figure 9.106c), the surface of the specimens from cells 43a, 49a and 50a 
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show mild discolouration. Further, the specimens from cells 43a and 50a retain a high 
surface reflectivity comparable with that of the control specimen. These observations 
indicate a reduction in the intensity of corrosion in the presence of unsealed anodized 
specimens and no corrosion protection in the presence of the sealed CAA. 
 
9.4.2.2 Optical microscopy 
Cell 43a Examination of the bare alloy from cell 43a under the optical microscope at 
magnification factors of x 5, x 20 and x 80 (Figure 9.107) indicate an absence of 
features associated with pitting. At the highest magnification, some second phase 
particles retain a metallic lustre, while others are discoloured and surrounded by faint 
brown rings of re-deposited copper (Figure 9.107c). 
 
Cell 46a The optical micrographs of the bare alloy from cell 46a also reveal no signs of 
pitting (Figure 9.108), although several patches of corrosion product are visible at a 
magnification of x 20 (Figure 9.108b). The distribution of discoloured second phase 
particles is comparable with that on the bare alloy from cell 43a. 
 
Cell 49a No features associated with pitting were observed on the bare alloy from cell 
49a (Figure 9.109). The second phase particles were generally not discoloured (Figure 
9.109c). 
 
Cell 50a Features associated with pitting were not observed on the bare alloy from cell 
50a (Figure 9.110). The second phase particles were generally not discoloured (Figure 
9.110c). 
 
9.4.3 Elemental depth profiling of the bare alloy from the series b artificial cells 
9.4.3.1 Aluminium depth profiles 
The aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
areas (within the top, middle and bottom one-third) of the bare alloy from cells 43b, 
46b, 49b and 50b are presented in Figures 9.111 – 9.114. 
 
Cell 43b The aluminium signal obtained when sputtering the bare alloy from cell 43b 
(Figure 9.111) reaches the maximum intensity within 12 s of sputtering and the signals 
obtained for the top, middle and bottom one-third of the specimen surface area are 
 815 
closely similar. This suggests the presence of a thin, uniform oxide film covering the 
full surface area of the specimen. 
 
Cell 46b For the bare alloy from cell 46b, the aluminium signals obtained by sputtering 
within the middle and bottom one-third of the specimen surface area reach the 
maximum intensity within 16 s of sputtering time (craters 2 and 3, Figure 9.112). The 
signal obtained by sputtering within the top one-third of the specimen surface area 
reaches maximum intensity after 30 s of sputtering time and there is a pronounced 
shoulder at intensity 8 between 2 and 3 s of sputtering time (crater 1, Figure 9.112). 
This suggests a significantly higher intensity of corrosion in the top one-third of the 
specimen surface area, compared with the middle and bottom one-third, where the 
corroded/altered layer is more uniform. 
 
Cells 49b and 50b The aluminium signals obtained when sputtering the bare alloy from 
cells 49b and 50b reach maximum intensity between 16 s and 20 s of sputtering time 
(Figures 9.113 and 9.114). The spread of corrosion intensities indicated by the gradients 
is less significant than in the case of the specimen from cell 46b, but greater than that 
from cell 43b. 
 
Combined aluminium depth profiles The aluminium depth profiles obtained by 
sputtering the least corroded area on each of the above specimens are presented on the 
same chart, along with those of the control specimen and the specimen from reference 
cell 54b, in Figure 9.115. In Figure 9.115b, the profile for the reference cell has been 
omitted and the scale expanded to show the first 30 s of sputtering time, for improved 
clarity. It is evident that the presence of each of the four anodized specimens resulted in 
a significant reduction in the intensity of corrosion of the bare alloy. The intensity of 
corrosion of the bare alloy increases in the order: 
Control specimen < cell 43b << cell 49b ≤ cell 46b < cell 50b<< cell 54b. 
 
9.4.3.2 Oxygen depth profiles 
The oxygen depth profiles obtained by sputtering the least corroded area of each 
specimen are presented on the same chart in Figure 9.116. The sputtering times needed 
to reduce the oxygen signal to one-half of the peak intensity are presented in Table 9.9. 
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Table 9.9: Sputtering times required to reduce the oxygen signal to one-half of the peak 
intensity for the control specimen and the bare alloy from artificial cells 43b, 46b, 49b, 
50b and54b. 
cell control 43b 46b 49b 50b 54b 
Sputtering time (s) 0.78 1.89 2.54 2.25 3.07 23.9 
 
The thickness of corrosion products on the bare alloy increases in the same order as the 
corrosion intensity (as derived from the aluminium depth profiles): 
Control specimen < cell 43b < cell 49b < cell 46b < cell 50b << cell 54b. 
 
9.4.3.3 Copper depth profiles 
The double peak observed in the copper depth profile obtained by sputtering the control 
specimen is completely absent when sputtering the bare alloy from the artificial cells 
(Figure 9.117). This indicates significant de-alloying and re-distribution of copper. 
Nevertheless, the extent of copper de-alloying and redistribution is, in each case, 
significantly less than that observed when sputtering the bare alloy from the reference 
cell (black profile, Figure 9.117a). Similar extents of de-alloying are indicated for the 
specimens from cells 46b and 49b, i.e. in the presence of the sealed TSA or CAA 
specimens. The presence of the unsealed TSA specimen (cell 50b) allowed a moderately 
increased extent of de-alloying, compared to the sealed specimens, while the presence 
of the unsealed CAA specimen allowed a significant decrease in copper de-alloying, 
again compared to the sealed specimens. 
 
9.4.3.4 Chromium depth profiles 
A significant amount of chromium is detected on the surface of the bare alloy from cell 
43b (Figure 9.118). No measurable chromium is detected when sputtering the bare alloy 
from cell 46b, indicating a lack of diffusion of chromium species from the sealed CAA 
film. No chromium is detected on the bare alloy from cells 49b, 50b and 54b, as 
expected. 
 
9.4.3.5 Series b artificial cells: conclusions 
During the series b experiment, the specimen supporting the unsealed chromic acid 
anodized film afforded the greatest reduction in thickness and intensity of corrosion of 
the bare alloy, along with a significant reduction in the extent of copper de-alloying. 
The specimen supporting the unsealed tartaric acid anodized film afforded the least 
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reduction in the intensity of corrosion and extent of copper de-alloying. Significant 
reductions in the thickness and intensity of corrosion and the extent of copper de-
alloying were observed for each of the four specimens, compared to the reference cell. 
 
9.4.4 Characterisation 
9.4.4.1 Visual inspection 
Photographic images of the control specimen and the bare alloy from cells 43b, 46b, 
49b and 50b are presented in Figure 9.119. Surface discolouration of the bare alloy from 
cell 43b is minimal and the surface presents a uniform, relatively unblemished 
appearance (Figure 9.119b). The surface of each of the specimens from cells 46b, 49b 
and 50b is mottled with white deposits (aluminium hydroxide) characteristic of pitting. 
 
9.4.4.2 Optical Microscopy 
Cell 43b Optical micrographs of the bare alloy from cell 43b, acquired at magnification 
factors of x 5, x 20 and x 80, are presented in Figure 9.120. At low magnification, the 
surface appears relatively unblemished (Figure 9.120a). At moderate magnification, 
isolated clusters of discoloured second phase particles are revealed (e.g. Figure 9.120b). 
A small cluster of discoloured second phase particles, surrounded by rings of brown 
corrosion product, are imaged at increased magnification in Figure 9.120c. 
 
Cell 46b Optical micrographs of the bare alloy from cell 46b are presented in Figures 
9.121 – 9.123. The low magnification images (x 5) in Figure 9.121 illustrate the 
variation in surface discolouration across the specimen. The most strongly discoloured 
area displays strong interference colours and features associated with pitting and 
intergranular corrosion (Figure 9.121a). These features are imaged at a moderate 
magnification (x 20) in Figure 9.122a. 
The occurrence of pitting is increasingly isolated, and intergranular corrosion features 
are less pronounced, as surface discolouration decreases (Figure 9.121b and c and 
Figure 9.122b and c). 
At higher magnification, all the second phase particles in the most strongly discoloured 
area have a degraded appearance (Figure 9.123a). In the moderately discoloured area, 
some of the secondary particles retain a metallic lustre, while others appear brown and 
are associated with deposits of re-distributed copper (Figure 9.123b). In the least 
discoloured area, most of the second phase particles retain a metallic lustre (Figure 
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9.123c). Thus, bulk discolouration of the specimen surface appears to be associated 
initially with de-alloying and re-distribution of copper (cathodic reaction), with 
corrosion of the aluminium-rich matrix (anodic reaction) becoming involved only in the 
most strongly discoloured areas. Where corrosion of the matrix is involved, the 
presence of strong interference colours suggests the formation of ultra-thin layers. 
 
Cell 49b The optical micrographs of the bare alloy from cell 49b (Figures 9.124 – 
9.126) reflect a moderate variation in surface discolouration. Isolated features, possibly 
associated with pitting, are visible in Figures 9.124b, 9.125c and 9.126c. Extensive 
clusters of discoloured second phase particles are visible at low magnification (x 5) in 
Figure 9.125c. 
 
Cell 50b Optical micrographs of the bare alloy from cell 50b also reveal variations in 
surface discolouration (Figure 9.127 a, b and c), patches of discoloured second phase 
particles (Figure 9.128b), intergranular corrosion (Figure 9.129c) and pitting (Figure 
9.128b and c). 
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Aluminium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
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a) 
Aluminium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
from the artificial cells (EADS, series a)
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b) 
Figure 9.1: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 29a, 31a – 35a and reference cell 54a: a) full 
profile; b) expanded to show the first 4 s of sputtering time, for improved clarity. 
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Oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a) in which the coated specimens supported an uninhibited sol-gel plus an 
inhibited primer.
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a) in which the coated specimens supported an uninhibited sol-gel plus an 
inhibited primer.
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b) 
Figure 9.2: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29a, 31a – 35a and reference cell 54a: a) full 
profile; b) expanded to show the first 4 s of sputtering time, for improved clarity. 
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Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a).
0
2
4
6
8
10
12
0 1 2 3 4 5 6 7 8
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 29a cell 31a
cell 32a cell 33a
cell 34a cell 35a
cell 54a control
 
a) 
Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a).
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b) 
Figure 9.3: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29a, 31a – 35a and reference cell 54a: a) full 
profile; b)  expanded to show the first 4 s of sputtering time, for improved clarity. 
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Sulphur depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from
the artificial cells (EADS series a).
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a) 
Sulphur depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from
the artificial cells (EADS series a).
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b) 
Figure 9.4: Sulphur depth profiles obtained using the 4 mm source to sputter the control specimen 
and the bare alloy from artificial cells 29a, 33a – 35a and reference cell 54a: a) full profile; b)  
expanded to show the first 4 s of sputtering time, for improved clarity. 
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Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (EADS series a).
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (EADS series a).
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b) 
Figure 9.5: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29a, 32a – 35a and reference cell 54a: a) full 
profile; b) expanded to show the first 4 s of sputtering time, and with the control profile omitted, 
for improved clarity. 
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Chromium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (EADS series a).
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Figure 9.6: Chromium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 31a, 35a and reference cell 54a. 
 
     
a)                        b)                       c)                       d)                       e) 
   
f)                          g)                         h) 
Figure 9.7: Photographic images of a) the control specimen and b) – h) the bare alloy from the 
artificial cells: b) cell 29a; c) cell 31a, d) cell 32a, e) cell 33a, f) cell 34a, g) cell 35a, h) cell 54a 
(reference). 
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a)                                                                   b) 
  
c)                                                                   d) 
Figure 9.8: Optical micrographs of the bare alloy from reference cell 54a, acquired at various 
magnification factors: a) x 5, b) and c) x 20, d) x 80. The arrows in d) indicate discoloured second 
phase particles. 
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a)                                                                   b) 
  
c)                                                                   d) 
Figure 9.9: Optical micrographs of the bare alloy from artificial cell 35a, acquired at various 
magnification factors: a) x 5, b) x 20, c) and d) x 80. 
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a)                                                                  b) 
  
c)                                                                   d) 
 
e) 
Figure 9.10: Optical micrographs of the bare alloy from artificial cell 29a, acquired at various 
magnification factors: a) x 5, b) x 20, c) – e) x 80. The arrow in e) indicates a discoloured second 
phase particle surrounded by a faint brown ring of re-deposited copper. 
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a)                                                                  b) 
  
c)                                                                   d) 
 
e) 
Figure 9.11: Optical micrographs of the bare alloy from artificial cell 31a, acquired at various 
magnification factors: a) x 5, b) x 20, c) – e) x 80. 
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a)                                                                   b) 
 
c) 
Figure 9.12: Optical micrographs of the bare alloy from artificial cell 32a, acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
Figure 9.13: Optical micrographs of the bare alloy from artificial cell 33a, acquired at various 
magnification factors: a) x 5, b) x 20, c) and d) x 80. 
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a)                                                                   b) 
 
c) 
Figure 9.14: Optical micrographs of the bare alloy from artificial cell 34a, acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
 832 
Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 29b
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120 140 160 180
Sputtering time (s)
In
tn
e
s
it
y
 (
V
)
crater 2
crater 3
 
Figure 9.15: Aluminium depth profiles obtained using the 4 mm diameter source to sputter two 
differentially corroded areas on the bare alloy from cell 29b. 
 
 
Oxygen depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 29b
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Figure 9.16: Oxygen depth profiles obtained using the 4 mm diameter source to sputter two 
differentially corroded areas on the bare alloy from cell 29b. Note that the horizontal scale has been 
expanded to show the first 90 s of sputtering time, for improved clarity. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 31b
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Figure 9.17: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from cell 31b. 
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 32b
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Figure 9.18: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from cell 32b. 
 
 834 
Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 33b
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Figure 9.19: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from cell 33b. 
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 34b
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Figure 9.20: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from cell 34b. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 35b
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Figure 9.21: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from cell 35b. 
 
 
Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 54b
0
10
20
30
40
50
60
70
80
0 50 100 150 200 250 300
Sputtering time (s)
In
tn
e
s
it
y
 (
V
)
crater 1
crater 2
 
Figure 9.22: Aluminium depth profiles obtained using the 4 mm diameter source to sputter two 
differentially corroded areas on the bare alloy from reference cell 54b. 
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Aluminium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from 
the artificial cells (EADS series b).
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a) 
Aluminium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from 
the artificial cells (EADS series b).
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b) 
Figure 9.23: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 29b, 31b – 35b and reference cell 54b: a) 60 
s sputtering time; b) expanded to show the first 24 s of sputtering time, for improved clarity. 
 
 837 
Oxygen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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b) 
Figure 9.24: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29b, 31b – 35b and reference cell 54b: a) 60 s 
sputtering time; b) expanded to show the first 24 s of sputtering time, for improved clarity. 
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Copper depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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a) 
Copper depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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b) 
Figure 9.25: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29b, 31b – 35b and reference cell 54b: a) 60 s 
sputtering time, b) expanded to show the first 24 s of sputtering time, for improved clarity. 
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Sulphur depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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a) 
Sulphur depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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b) 
Figure 9.26: Sulphur depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29b, 33b – 35b and reference cell 54b: a) including 
the profile for the control specimen; b) excluding the control specimen, for improved clarity. Note 
that only the first 10 s of sputtering time are presented. 
 
 840 
Nitrogen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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a) 
Nitrogen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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b) 
Figure 9.27: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 29b, 32b – 35b and reference cell 54b: a) 60 s 
sputtering time; b) expanded to show the first 24 s of sputtering time, and excluding the profiles for 
the control specimen and cells 29b and 54b, for improved clarity. 
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Chromium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from 
the artificial cells (EADS series b).
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Figure 9.28: Chromium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 31b, 35b and reference cell 54b. 
 
     
a)                        b)                        c)                        d)                         e) 
   
f)                         g)                        h) 
Figure 9.29: Photographic images of a) the control specimen and b) – h) the bare alloy from the 
artificial cells: b) cell 29b; c) cell 31b, d) cell 32b, e) cell 33b, f) cell 34b, g) cell 35b, h) cell 54b 
(reference). 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.30: Optical micrographs of the bare alloy from artificial cell 29b, acquired at various 
magnification factors: a) x 5; b) and c) x 20, d) – f) x 80. 
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a)                                                                  b) 
  
c)                                                                  d) 
  
e)                                                                   f) 
Figure 9.31: Optical micrographs of the bare alloy from artificial cell 31b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
1 
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a)                                                                  b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.32: Optical micrographs of the bare alloy from artificial cell 32b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.33: Optical micrographs of the bare alloy from artificial cell 33b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.34: Optical micrographs of the bare alloy from artificial cell 34b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.35: Optical micrographs of the bare alloy from artificial cell 35b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
 
1 
2 
 848 
  
a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.36: Optical micrographs of the bare alloy from artificial cell 54b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial 
cells (EADS series a)
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a) 
Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial 
cells (EADS series a)
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b) 
Figure 9.37: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 28a, 39a, 41a, 37a (non-inhibited) and 54a 
(reference). 
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Oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a).
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a) 
Oxygen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a).
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b) 
Figure 9.38: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 28a, 39a, 41a, 37a (non-inhibited) and 54a 
(reference). 
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Copper depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells (EADS 
series a).
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a) 
Copper depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells (EADS 
series a).
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b) 
Figure 9.39: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 28a, 39a, 41a, 37a (non-inhibited) and 54a 
(reference). 
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Phosphorus depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (EADS series a).
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a) 
Phosphorus depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy from the artificial cells (EADS series a).
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b) 
Figure 9.40: Phosphorus depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 28a, 39a, 41a, 37a (non-inhibited) and 54a 
(reference). 
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Strontium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells 
(EADS series a).
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Figure 9.41: Strontium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 28a, 39a, 41a, 37a (non-inhibited) and 54a 
(reference). 
 
     
a)                        b)                        c)                        d)                        e) 
Figure 9.42: Photographic images of a) the control specimen, b) – e) the bare alloy from the 
artificial cells: b) cell 28a; c) cell 39a, d) cell 41a, e) cell 37a. 
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a) 
 
b) 
 
c) 
Figure 9.43: Optical micrographs of the bare alloy from artificial cell 28a, acquired at various 
magnification factors: a) x 5; b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.44: Optical micrographs of the bare alloy from artificial cell 37a, acquired at various 
magnification factors: a) x 5; b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.45: Optical micrographs of the bare alloy from artificial cell 39a, acquired at various 
magnification factors: a) x 5; b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.46: Optical micrographs of the bare alloy from artificial cell 41a, acquired at various 
magnification factors: a) x 5; b) x 20, c) x 80. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from artificial 
cell 28b
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Figure 9.47: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from artificial cell 28b. 
 
Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 37b
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Figure 9.48: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from artificial cell 37b. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 39b
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120
Sputtering time (s)
In
tn
e
s
it
y
 (
V
)
crater 1
crater 2
crater 3
 
Figure 9.49: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
differentially corroded areas on the bare alloy from artificial cell 39b. 
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 41b
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Figure 9.50: Aluminium depth profiles obtained using the 4 mm source diameter to sputter three 
differentially corroded areas on the bare alloy from artificial cell 41b. 
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Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells
(EADS series b).
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a) Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells.
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b) 
Figure 9.51: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 28b, 37b, 39b, 41b and reference cell 54b: 
a) 90 s of sputtering time; b) expanded to show the first 30 s of sputtering time, for improved 
clarity. 
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Oxygen depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells
(EADS series b).
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a) 
Oxygen depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells
(EADS series b).
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b) 
Figure 9.52: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 28b, 37b, 39b, 41b and reference cell 54b: a) 90 s of 
sputtering time; b) expanded to show the first 30 s of sputtering time, for improved clarity. 
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Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b) in which coated specimens supported an SAPP-inhibited sol-gel coating.
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Figure 9.53: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 28b, 37b, 39b, 41b and reference cell 54b. 
 Strontium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells.
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Figure 9.54: Strontium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 28b, 37b, 39b, 41b and reference cell 54b. 
The profile has been expanded to show the first 10 s of sputtering time, for improved clarity. 
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Phosphorus depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells 
(EADS series b).
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a) 
Phosphorus depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells 
(EADS series b).
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b) 
Figure 9.55: Phosphorus depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 28b, 37b, 39b, 41b and reference cell 54b: 
a) 60 s of sputtering time; b) expanded to show the first 10s of sputtering time, for improved clarity. 
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a)                        b)                        c) 
   
d)                        e)                        f) 
Figure 9.56: Photographic images of a) the control specimen and b) – f) the bare alloy from the 
artificial cells: b) cell 28b; c) cell 39b, d) cell 41b, e) cell 37b and f) cell 54b. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.57: Optical micrographs of the bare alloy from artificial cell 28b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.58: Optical micrographs of the bare alloy from artificial cell 37b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.59: Optical micrographs of the bare alloy from artificial cell 39b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.60: Optical micrographs of the bare alloy from artificial cell 41b, acquired at various 
magnification factors: a) and b) x 5; c) and d) x 20, e) and f) x 80. 
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Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial 
cells (EADS series a)
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a) 
Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial 
cells (EADS series a)
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b) 
Figure 9.61: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 30a, 36a, 40a, 47a, 48a, 28a (non-inhibited) 
and 54a (reference). 
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Oxygen depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells 
(EADS series a)
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a) 
Oxygen depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells 
(EADS series a)
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b) 
Figure 9.62: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30a, 36a, 40a, 47a, 48a, 28a (non-inhibited) and  
54a (reference): a) 12 s sputtering time; b) expanded to show the first 4 s of sputtering time, for 
improved clarity. 
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Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series a).
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a) 
Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series a).
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b) 
Figure 9.63: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30a, 36a, 40a, 47a, 48a, 28a (non-inhibited) and  
54a (reference): a) 12 s sputtering time; b) expanded to show the first 4 s of sputtering time, for 
improved clarity. 
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Phosphorus depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from 
the artificial cells (EADS series a).
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a) 
Phosphorus depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from 
the artificial cells (EADS series a).
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 0.5 1 1.5 2 2.5 3 3.5 4
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 30a cell 36a
cell 40a cell 47a
cell 48a cell 28a
cell 54a control
 
b) 
Figure 9.64: Phosphorus depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 30a, 36a, 40a, 47a, 48a, 28a (non-inhibited) 
and  54a (reference): a) 12 s sputtering time; b) expanded to show the first 4 s of sputtering time, 
for improved clarity. 
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Sulphur depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from
the artificial cells (EADS series a).
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Figure 9.65: Sulphur depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30a, 40a, 47a, 28a (non-inhibited) and  54a 
(reference). For improved clarity, only the first 4 s of sputtering time are presented. 
 
Chromium depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series a).
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Figure 9.66: Chromium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 48a, 28a (non-inhibited) and  54a 
(reference). 
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Nitrogen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a).
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series a).
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0 0.5 1 1.5 2 2.5 3 3.5 4
Sputtering time (s)
In
te
n
s
it
y
 (
V
)
cell 30a cell 36a
cell 40a cell 47a
cell 28a cell 54a
 
b) 
Figure 9.67: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30a, 36a, 40a, 47a, 28a (non-inhibited) and  54a 
(reference): a) 12 s sputtering time; b) without the control specimen and expanded to show the first 
4 s of sputtering time, for improved clarity. 
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a)                        b)                        c)                       d)                        e) 
   
f)                        g)                        h) 
Figure 9.68: Photographic images of a) the control specimen and b) – i) the bare alloy from the 
artificial cells: b) cell 30a; c) cell 36a, d) cell 40a, e) cell 47a, f) cell 48a, g) cell 28a h)cell 54a. 
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a) 
 
b) 
 
c) 
Figure 9.69: Optical micrographs of the bare alloy from artificial cell 30a acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                   f) 
Figure 9.70: Optical micrographs of the bare alloy from artificial cell 36a acquired at various 
magnification factors: a) x 5; b) and c) x 20, d) – f) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.71: Optical micrographs of the bare alloy from artificial cell 40a acquired at various 
magnification factors: a)  x 5; b) x 20, c) x 80. 
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a)                                                                   b) 
  
c)                                                                   d) 
  
e)                                                                  f) 
Figure 9.72: Optical micrographs of the bare alloy from artificial cell 47a acquired at various 
magnification factors: a) x 5; b) and c) x 20, d) – f) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.73: Optical micrographs of the bare alloy from artificial cell 48a acquired at various 
magnification factors: a) x 5; b) x 20, c) x 80. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 30b
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Figure 9.74: Aluminium depth profiles obtained by sputtering three differentially corroded areas 
on the bare alloy from artificial cell 30b. 
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 36b
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Figure 9.75: Aluminium depth profiles obtained by sputtering three differentially corroded areas 
on the bare alloy from artificial cell 36b. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 40b
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Figure 9.76: Aluminium depth profiles obtained by sputtering three differentially corroded areas 
on the bare alloy from artificial cell 40b.  
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 47b
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Figure 9.77: Aluminium depth profiles obtained by sputtering three differentially corroded areas 
on the bare alloy from artificial cell 47b. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 48b
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Figure 9.78: Aluminium depth profiles obtained by sputtering three differentially corroded areas 
on the bare alloy from artificial cell 48b. 
 884 
Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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a) 
Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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b) 
Figure 9.79: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 48b, 28b (non-inhibited) 
and 54b (reference): a) 90 s of sputtering time; b) expanded to show the first 24 s of sputtering time, 
and the profile from cell 54b omitted, for improved clarity. 
 
 
 885 
Oxygen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
from the artificial cells (EADS series b).
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
from the artificial cells (EADS series b).
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b) 
Figure 9.80: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 48b, 28b (non-inhibited) and 
54b (reference): a) 90 s of sputtering time; b) expanded to show the first 12 s of sputtering time, and 
the profile from cell 54b omitted, for improved clarity. 
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Copper depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b).
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a) 
Copper depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b).
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b) 
Figure 9.81: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 48b, 28b (non-inhibited) and 
54b (reference): a) 90 s of sputtering time; b) expanded to show the first 24 s of sputtering time, and 
the profile from cell 54b omitted, for improved clarity. 
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Sulphur depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b).
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a)
Sulphur depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b).
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b) 
Figure 9.82: Sulphur depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 48b, 28b (non-inhibited) and 
54b (reference): a) 24 s of sputtering time; b) without the control specimen and expanded to show 
the first 10 s of sputtering time, for improved clarity. 
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Phosphorus depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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Figure 9.83: Phosphorus depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 48b, 28b (non-inhibited) 
and 54b (reference). 
 
Chromium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy from 
the artificial cells (EADS series b).
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Figure 9.84: Chromium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 48b, 28b (non-inhibited) and 54b 
(reference). 
 
 
 889 
Nitrogen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b) in which coated specimens supported an SAPP-inhibited sol-gel coating.
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a) 
Nitrogen depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b) in which coated specimens supported an SAPP-inhibited sol-gel coating.
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b) 
Figure 9.85: Nitrogen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 28b (non-inhibited) and 54b 
(reference): a) 90 s of sputtering time, b) and expanded to show the first 24 s of sputtering time, and 
omitting the control specimen and 54b, for improved clarity. 
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a)                        b)                       c)                        d)                        e) 
   
f)                        g)                       h) 
Figure 9.86: Photographic images of a) the control specimen and b) – i) the bare alloy from the 
artificial cells: b) cell 30b; c) cell 36b, d) cell 40b, e) cell 47b, f) cell 48b, g) cell 28b, h) cell 54b. 
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a) 
 
b) 
 
c) 
Figure 9.87: Optical micrographs of the bare alloy from artificial cell 30b, acquired at a 
magnification factor of x 5, showing: a) intensely discoloured matrix, few small pits (arrows); b) 
intensely discoloured matrix, numerous larger pits (e.g. arrow), b) moderately discoloured matrix, 
nascent pits surrounded by rings of intergranular corrosion (e.g. arrow). 
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a) 
 
b) 
 
c) 
Figure 9.88: Optical micrographs of the bare alloy from artificial cell 30b, acquired at a 
magnification factor of x 20, showing: a) moderately discoloured matrix; b) a pit with deposits of 
aluminium hydroxide, c) a small pit with associated arc of intergranular corrosion. 
 893 
 
a) 
 
b) 
 
c) 
Figure 9.89: Optical micrographs of the bare alloy from artificial cell 30b, acquired at a 
magnification factor of x 80, showing: a) discoloured (brown) second phase particles with re-
distributed copper on the matrix; b) aluminium hydroxide deposits near a pit, c) relatively 
untarnished matrix with few discoloured second phase particles. 
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a) 
 
b) 
 
c) 
Figure 9.90: Optical micrographs of the bare alloy from artificial cell 36b, acquired at a 
magnification factor of x 5, showing: a) and c) intensely discoloured matrix with arcs of 
intergranular corrosion (arrows), b) aluminium hydroxide deposits associated with a pit. 
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a) 
 
b) 
 
c) 
Figure 9.91: Optical micrographs of the bare alloy from artificial cell 36b, acquired at a 
magnification factor of x 20, showing: a) moderately discoloured matrix; b) and c) aluminium 
hydroxide associated with pits. 
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a) 
 
b) 
 
c) 
Figure 9.92: Optical micrographs of the bare alloy from artificial cell 36b, acquired at a 
magnification factor of x 80, showing: a) discoloured second phase particles; b) and c) deposits of 
aluminium hydroxide associated with pits. 
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a) 
 
b) 
 
c) 
Figure 9.93: Optical micrographs of the bare alloy from artificial cell 40b, acquired at a 
magnification factor of x 5, showing intensely discoloured matrix with: a) and c) pits (arrowed); b) 
elongated deposits of aluminium hydroxide (e.g. rectangle) and arcs of intergranular corrosion 
(arrow). 
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a) 
 
b) 
 
c) 
Figure 9.94: Optical micrographs of the bare alloy from artificial cell 40b, acquired at a 
magnification factor of x 20, showing: a) discoloured matrix; b) elongated deposits of aluminium 
hydroxide, c) hydroxide deposits and arc of intergranular corrosion associated with a pit. 
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a) 
 
b) 
 
c) 
Figure 9.95: Optical micrographs of the bare alloy from artificial cell 40b, acquired at a 
magnification factor of x 80, showing: a) variations in discolouration of matrix and second phase 
particles; b) second phase particles, some with green discolouration (e.g. arrow), c) second phase 
particles, few with brown discolouration (e.g. arrow). 
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a) 
 
b) 
 
c) 
Figure 9.96: Optical micrographs of the bare alloy from artificial cell 47b, acquired at a 
magnification factor of x 5, showing intensely discoloured matrix with: a) pits; b) ring of 
intergranular corrosion, c) similar features, largely obscured. 
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a) 
 
b) 
 
c) 
Figure 9.97: Optical micrographs of the bare alloy from artificial cell 47b, acquired at a 
magnification factor of x 20, showing: a) relatively untarnished matrix; b) deposits of aluminium 
hydroxide associated with a pit, c) part of a ring of intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 9.98: Optical micrographs of the bare alloy from artificial cell 47b, acquired at a 
magnification factor of x 80, showing: a) deposits of aluminium hydroxide near a pit; b) matrix 
with re-deposited copper around discoloured second phase particles, c) intergranular corrosion. 
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a) 
 
b) 
 
c) 
Figure 9.99: Optical micrographs of the bare alloy from artificial cell 48b, acquired at a 
magnification factor of x 5, showing: a) intensely discoloured matrix; b) and c) pits. 
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a) 
 
b) 
 
c) 
Figure 9.100: Optical micrographs of the bare alloy from artificial cell 48b, acquired at a 
magnification factor of x 20, showing: a) relatively untarnished matrix; b) variable discolouration 
of matrix, with brown area suggesting re-deposited copper, c) deposits of aluminium hydroxide 
associated with a pit. 
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a) 
  
b) 
 
c) 
Figure 9.101: Optical micrographs of the bare alloy from artificial cell 48b, acquired at a 
magnification factor of x 80. 
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Aluminium depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial 
cells (EADS series a)
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Figure 9.102: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 43a, 46a, 49a, 50a and 54a. 
 
Oxygen depth profiles obtained by sputtering the bare AA2024 T3 alloy from the artificial cells
(EADS series a)
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Figure 9.103: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 43a, 46a, 49a, 50a and 54a. 
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Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series a).
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a) 
Copper depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series a).
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b) 
Figure 9.104: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the bare alloy from artificial cells 43a, 46a, 49a, 50a and 54a: a) 14 s of sputtering 
time; b) expanded to show the first 8 s of sputtering time. 
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Chromium depth profiles obtained by GDOES sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series a).
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Figure 9.105: Chromium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the bare alloy from artificial cells 43a, 46a, 49a, 50a and 54a. 
 
     
a)                         b)                       c)                       d)                        e) 
Figure 9.106: Photographic images of a) the control specimen and b) – f) the bare alloy from the 
series a artificial cells: b) cell 43a; c) cell 46a, d) 49a, e) cell 50a. 
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a) 
 
b) 
 
c) 
Figure 9.107: Optical micrographs of the bare alloy from artificial cell 43a, acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.108: Optical micrographs of the bare alloy from artificial cell 46a, acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.109: Optical micrographs of the bare alloy from artificial cell 49a, acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
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a) 
 
b) 
 
c) 
Figure 9.110: Optical micrographs of the bare alloy from artificial cell 50a, acquired at various 
magnification factors: a) x 5, b) x 20, c) x 80. 
 
 913 
Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 43b
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Figure 9.111: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
areas (within the top, middle and bottom one-third) of the bare alloy from artificial cell 43b. 
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 46b
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Figure 9.112: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
areas (within the top, middle and bottom one-third) of the bare alloy from artificial cell 46b. 
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Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 49b
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Figure 9.113: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
areas (within the top, middle and bottom one-third) of the bare alloy from artificial cell 49b. 
 Aluminium depth profiles obtained by GDOES sputtering of the bare alloy from artificial cell 50b
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Figure 9.114: Aluminium depth profiles obtained using the 4 mm diameter source to sputter three 
areas (within the top, middle and bottom one-third) of the bare alloy from artificial cell 50b. 
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Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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a) 
Aluminium depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the 
artificial cells (EADS series b).
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b) 
Figure 9.115: Aluminium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the least corroded areas on the bare alloy from artificial cells 43b, 46b, 49b, 
50b and 54b: a) 90 s of sputtering time; b) 30 s of sputtering time and excluding cell 54b for clarity. 
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Oxygen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
from the artificial cells (EADS series b).
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a) 
Oxygen depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
from the artificial cells (EADS series b).
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b) 
Figure 9.116: Oxygen depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the least corroded areas on the bare alloy from artificial cells 43b, 46b, 49b, 50b and 
54b: a) 90 s of sputtering time; b) 15 s of sputtering time and excluding cell 54b for clarity. 
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Copper depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b).
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a) 
Copper depth profiles obtained by sputtering of the bare AA2024 T3 alloy from the artificial 
cells (EADS series b).
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b) 
Figure 9.117: Copper depth profiles obtained using the 4 mm diameter source to sputter the control 
specimen and the least corroded areas on the bare alloy from artificial cells 43b, 46b, 49b, 50b and 
54b: a) 90 s of sputtering time; b) 30 s of sputtering time and excluding cell 54b for clarity. 
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Chromium depth profiles obtained using the 4 mm source to sputter the bare AA2024 T3 alloy 
from the artificial cells (EADS series b).
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Figure 9.118: Chromium depth profiles obtained using the 4 mm diameter source to sputter the 
control specimen and the least corroded areas on the bare alloy from artificial cells 43b, 46b, 49b, 
50b and 54b. 
 
     
a)                        b)                         c)                        d)                       e) 
Figure 9.119: Photographic images of a) the control specimen and b) – e) the bare alloy from the 
artificial cells: b) cell 43b; c) cell 46b, d) cell 49b, e) cell 50b. 
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a) 
 
b) 
 
c) 
Figure 9.120: Optical micrographs of the bare alloy from artificial cell 43b, acquired at various 
magnification factors: a) x 5, showing intensely discoloured matrix; b) x 20, showing relatively 
untarnished matrix with localised re-deposition of copper c) x 80, showing discoloured second 
phase particles with surrounding copper deposits. 
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a) 
 
b) 
 
c) 
Figure 9.121: Optical micrographs of the bare alloy from artificial cell 46b, acquired at a 
magnification factor of x 5, showing: a) strongly discoloured matrix with pits and arcs of 
intergranular corrosion; b) and c) moderately discoloured matrix with few pits. 
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a) 
 
b) 
 
c) 
Figure 9.122: Optical micrographs of the bare alloy from artificial cell 46b, acquired at a 
magnification factor of x20, showing: a) strongly discoloured matrix with arcs of intergranular 
corrosion; b) relatively untarnished matrix, c) possibly a nascent pit. 
 
 922 
 
a) 
 
b) 
 
c) 
Figure 9.123: Optical micrographs of the bare alloy from artificial cell 46b, acquired at a 
magnification factor of x 80, showing: a) intensely discoloured matrix; b) relatively untarnished 
matrix with discoloured second phase particles and deposits of copper, c) relatively untarnished 
matrix with few discoloured second phase particles. 
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a) 
 
b) 
 
c) 
Figure 9.124: Optical micrographs of the bare alloy from artificial cell 49b, acquired at a 
magnification factor of x 5, showing intensely discoloured matrix with varying coverage of re-
deposited copper (dark areas). 
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a) 
 
b) 
 
c) 
Figure 9.125: Optical micrographs of the bare alloy from artificial cell 49b, acquired at a 
magnification factor of x 20, showing: a) relatively untarnished matrix; b) localised patches, 
possibly re-deposited copper, c) deposits of aluminium hydroxide associated with a pit. 
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a) 
 
b) 
 
c) 
Figure 9.126: Optical micrographs of the bare alloy from artificial cell 49b, acquired at a 
magnification factor of x 80, showing: a) relatively untarnished matrix and second phase particles; 
c) discoloured second phase particles with associated deposits, deposits of aluminium hydroxide 
associated with a pit. 
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a) 
 
b) 
 
c) 
Figure 9.127: Optical micrographs of the bare alloy from artificial cell 50b, acquired at a 
magnification factor of x 5, showing; a) intensely discoloured matrix with b) numerous large pits 
and re-deposited copper and c) smaller pits. 
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a) 
 
b) 
 
c) 
Figure 9.128: Optical micrographs of the bare alloy from artificial cell 50b, acquired at a 
magnification factor of x 20, showing: a) moderately discoloured matrix; b) deposits of aluminium 
hydroxide surrounding a pit, with re-deposited copper to the left, c) a small pit and associated 
deposits of aluminium hydroxide on relatively untarnished matrix. 
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a) 
 
b) 
 
c) 
Figure 9.129: Optical micrographs of the bare alloy from artificial cell 50b, acquired at a 
magnification factor of x 80, showing: a) moderately discoloured matrix with some discoloured 
(green) second phase particles; b) strongly discoloured second phase particles surrounded by re-
deposited copper, c) matrix with intergranular corrosion and strong interference colours. 
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10 Overall Summary and Conclusions 
The present study has focused on the use of glow discharge optical emission 
spectrometry (GDOES) in the investigation of the migration and consequent corrosion 
inhibition characteristics of a range of inhibitor species. The possibility of using 
GDOES to create controlled defects in specimens supporting anodic films, conversion 
coatings or sol-gel coatings was investigated. The use of GDOES profiling to assess the 
leaching and deposition of inhibitor species in response to various immersion tests has 
also been considered. Conclusions drawn from the elemental depth profiles have been 
validated by a range of characterisation techniques including optical microscopy, 
scanning electron microscopy (SEM), EDX and electrochemical techniques. 
 
10.1   Elemental depth profiling of various substrate surfaces 
10.1.1   AA2024 T3 
10.1.1.1 Uncoated, etched and de-smutted AA2024 T3 (bare alloy) 
Elemental depth profiling clearly revealed the variation in thickness of the natural oxide 
coating across the surface area of the bare alloy (not subjected to immersion testing). 
This variation is due to the differential etching of the matrix and second phase particles 
during surface pre-treatment. The trace amount of chromium present in the alloy 
composition was detected. After two days of immersion in 35 g l
-1
 NaCl solution, 
chromium was shown to have become located in the corrosion products, but either in 
insufficient amount or inappropriate oxidation state to provide corrosion inhibition. 
 
10.1.1.2 AA2024 T3 Supporting a chromate conversion coating 
The presence of a chromate conversion coating of moderate thickness was indicated by 
the increased sputtering time needed to sample the underlying substrate when sputtering 
the control specimen. The coating was found to have a bimodal distribution of chromate 
species. Re-distribution of chromate species and oxygen within the coating in response 
to immersion was clearly indicated, although it was not clear whether chromium-
containing species derived from the coating were deposited on the base of the 4 mm 
diameter GDOES crater. When a specimen was immersed in the presence of added 
chromate species in the solution, deposition of chromate species onto the crater base 
was clearly indicated. 
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10.1.1.3 Chromic acid anodized AA2024 T3  
The thickness of the anodic film was indicated by the significantly increased sputtering 
time needed to reach the underlying substrate when sputtering the control specimen. 
After two days of immersion in 35 g l
-1
 NaCl solution, a small, but measurable, decrease 
in the ratio of chromium to aluminium in the bulk anodic film was detected, indicating 
diffusion of chromium-containing species from the unsealed coating during immersion. 
A significant increase in the ratio of chromium to aluminium was detected on the floor 
of the 4 mm diameter GDOES crater after the immersion test, compared with the value 
obtained by sputtering the base of a 4 mm diameter crater that had not been immersed. 
This provided evidence for the build-up of a protective film within the controlled defect. 
This effect was enhanced for the specimen that was immersed in the presence of added 
chromate species in the solution. A decrease in the ratio of oxygen to copper on the 
crater floor provided evidence for inhibition of the cathodic reaction. 
The presence of a protective film of increased thickness (compared with the natural 
oxide film on the bare substrate), was reflected by a moderate decrease in the gradient 
of the aluminium signal and a moderate increase in the half-peak-width of the oxygen 
signal. The presence of a thick layer of corrosion products (in the absence of an anodic 
film or chromate in solution) was reflected by significantly greater reduction in the 
gradient of the aluminium signal and a significantly greater increase in the half-peak-
width of the oxygen signal. 
 
10.1.1.4 AA2024 T3 supporting the non-inhibited TMEG sol-gel coating  
Sputtering times indicate that the single-layer TMEG coating is significantly thicker 
than the chromate conversion coating and approximately one-half of the thickness of the 
anodic film. Elemental depth profiles of the bulk coating surface, obtained before and 
after two days of immersion in 35 g l
-1
 NaCl solution, demonstrated the effectiveness of 
the coating as a barrier. Changes in the coating morphology suggested increased 
porosity leading to increased adsorption of oxygen (and/or water) and nitrogen. 
The exposed substrate inside a 4 mm diameter crater in the single-layer coating behaved 
comparably to the bare alloy under similar immersion conditions, as anticipated for a 
crater in a non-inhibited coating. 
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10.1.1.5 AA2024 T3 supporting the TMEG-5CeN sol-gel coating 
Before the immersion test, the three-layer structure of this coating is clearly evident in 
the elemental depth profile due to changes in the signal intensities across the layer 
interfaces. Most of the cerium is sampled in the second layer, with significantly reduced 
amounts sampled in the outer and inner layers. 
Due to poor adhesion, the upper and middle layers were lost during two days of 
immersion in 35 g l
-1
 NaCl solution, resulting in complete dissolution of the cerium-
containing inhibitor. Partner ICV suggested that the loss of the three-layer structure was 
due to a technical difficulty which led to insufficient curing of the specimens. Further 
specimens of the same formulation were later supplied, but these did not provide 
improved results as significant detachment of the coating continued to be a problem. An 
alternative formulation, referred to as TMEG methacrylate, was subsequently 
investigated in the artificial cell experiments. 
 
10.1.1.6 AA2024 T3 supporting non-inhibited EPOXY-Al sol-gel coating with 0 – 
30% ethanol 
GDOES profiling revealed that the use of ethanol in the sol-gel formulation resulted in 
thicker coatings than those prepared in the absence of ethanol. This is contrary to 
expectations and is thought to be due to incomplete removal of entrained ethanol from 
the sol-gel during curing. After two days of immersion in 35 g l
-1
 NaCl solution, the 
elemental depth profiles revealed a clear trend of increasing coating degradation with 
increasing concentration of ethanol in the coating formulation. In the absence of ethanol 
in the sol-gel formulation, the EPOXY-Al coating was found to have good barrier 
properties. 
The exposed substrate at the base of the 4 mm diameter craters in the coated specimens 
behaved comparably to the bare AA2024 T3 alloy in response to the immersion test, as 
expected for a non-inhibited coating. 
 
10.1.1.7 AA2024 T3 supporting the non-inhibited EPOXY-Al sol-gel coating with 
various proportions of AluOx  
GDOES profiling indicated a significant increase in coating thickness with increasing 
proportion of AluOx. After the artificial cell experiment, the coated specimen with 30% 
AluOx was found to have an altered morphology, possibly due to clumping of the 
nanocontainers. This was not observed for coatings with lower proportions of AluOx. 
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The increased amount of chlorine sampled when sputtering the coated specimens after 
the artificial cell experiment provides strong evidence for chloride absorption by the 
empty nanocontainers. 
 
10.1.1.8 AA2024 T3 supporting EPOXY-Al coatings doped with various 
proportions of BZT 
Significant coating degradation, involving bulk loss of material, was indicated for the 
EPOXY-Al coatings doped with 4% and 16% BZT after use in the artificial cell 
experiments. Bulk loss of coating material was not observed in the presence of 10 % 
BZT, suggesting that this may represent an optimum loading. 
 
10.1.1.9 AA2024 T3 supporting EPOXY-Al coatings doped with various 
proportions of BZT in AluOx 
GDOES profiling of the coated specimen doped with 10% BZT in the presence of 
AluOx has revealed bulk loss of the coating material and/or coating degradation during 
200 h of exposure to 35 g l
-1
 NaCl solution in the artificial cells. Thus, the moderate 
improvements in corrosion inhibition on the bare alloy may be due to release of BZT 
during bulk disruption of the coating, rather than diffusion of BZT from a stable 
coating. 
 
10.1.2   DC01 steel 
10.1.2.1 Uncoated DC01 steel 
Before the immersion test, GDOES profiling indicated the presence of a thin film of 
iron oxides with varying thickness across the specimen surface area. The presence of 
adsorbed atmospheric oxygen, nitrogen, moisture and sulphur-containing pollutants, 
along with oxides/hydroxides derived from these, was inferred. The relative amounts of 
adsorbed species varied from specimen to specimen. 
After the immersion test, the thin surface film was found to have been replaced by a 
thick layer of corrosion products. The presence of nitrogen on the bulk surface after 
immersion implied either a source of nitrogen in the sodium chloride solution used in 
the immersion test, or enhanced adsorption of atmospheric nitrogen by the corroded 
surface layer after the immersion test. 
Phosphorus and sulphur sampled on the bulk surface before immersion were no longer 
present after immersion, suggesting leaching of these impurities into the solution. No 
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measurable change in the relative amount of phosphorus was detected inside the 4 mm 
diameter crater, but significant increases in the relative amounts of sulphur and nitrogen 
were indicated. 
Similar (baseline) amounts of cerium and molybdenum were sampled on the bulk 
surface before and after immersion. 
 
10.1.2.2 DC01 steel supporting non-inhibited EPOXY-Fe coating (in the absence of 
the thinning agent IPE) 
The relative amount of cerium sampled when sputtering the coated specimen was three 
to four times that for the uncoated DC01 steel, although no inhibitor had been added. 
The phosphorus, sulphur and molybdenum signals are also enhanced in the coated 
specimen. 
The adsorbed nitrogen detected on the surface of the uncoated steel was found to be 
absent at the coating-substrate interface, indicating complete removal during surface 
pre-treatment prior to application of the coating. 
A comparison of the elemental depth profiles obtained by sputtering the bulk surface of 
the control specimen and the immersed specimen indicated the propagation of corrosion 
underneath the coating, leading to a significant increase in the thickness of the sampled 
layer (blistering). 
No measurable change was detected in the relative amounts of cerium, nitrogen, 
phosphorus, sulphur and molybdenum when sputtering the bulk surface of the coated 
specimen before and after immersion. 
The thickness and intensity of corrosion inside the 4 mm diameter crater that was 
subjected to immersion testing was comparable to that of the uncoated DC01 steel under 
similar conditions. 
 
10.1.2.3 DC01 steel supporting non-inhibited EPOXY-FE coating with various 
proportions of IPE 
GDOES profiling indicated a decreasing coating thickness with increasing proportion of 
the thinning agent IPE, as expected. This is in contrast to the use of ethanol as a 
thinning agent for the EPOXY-Al coatings, where the observed effect was opposite to 
that expected. Thus, efficient removal of IPE during curing is demonstrated. 
No bulk loss of material is indicated after the artificial cell experiment for the coatings 
prepared with various proportions of IPE. However, there is some evidence for a 
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general coating degradation and for adsorption of water by the coatings. The coating 
degradation is most significant for the coating with 15% IPE, being less significant with 
higher proportions of IPE. Water adsorption also decreases with increasing IPE, 
probably due to the reduced coating thickness and hence reduced volume of porosity. 
Thus, oxygen/moisture adsorption and coating degradation are in direct proportion to 
coating thickness. 
 
10.2 Application of GDOES to the production of controlled defects 
With careful selection of sputtering conditions, GDOES profiling of thin anodic films 
and moderately thin conversion coatings results in the generation of steep-walled, flat-
bottomed craters suitable for re-examination by GDOES profiling after immersion 
testing. In the case of thicker coatings, such as EPOXY-Al, the long sputtering time 
required to reveal the substrate, in combination with a variation in sputtering rate with 
variation in the coating morphology with depth, results in the production of a bowl-
shaped crater rather than the desired steep-walled crater. SEM imaging has 
demonstrated that the coating material is incompletely removed from the crater base, 
except for a relatively small area at the centre. Such craters are not suitable for re-
examination after immersion testing. 
A further issue with the methodology of GDOES profiling before immersion testing is 
the resulting presence of coating material deposited onto the bulk coating surface 
around the crater periphery. The presence of this material may limit the potential for 
inhibitor species to diffuse from the coating into the solution near the crater. A possible 
resolution for this issue is to dip-coat the specimen with lacomit before GDOES 
sputtering. The lacomit can be removed, along with the deposited material, by 
ultrasonication. This approach has been tried with complete success regarding 
generation of craters without the surrounding excavated material, although the presence 
of lacomit during GDOES sputtering results in a lengthy, two-stage sputtering 
procedure. This is because mild sputtering conditions must first be used for removal of 
the lacomit, after which the conditions are altered to the optimum for removal of the 
film or coating. This resulting elemental depth profile is not suitable for analytical 
purposes, so that a separate control specimen would have to be considered. The present 
study has shown that, whenever possible, the same specimen should be compared 
before and after immersion testing. 
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10.3 Elemental depth profiling of specimens from the artificial cells 
10.3.1 Bare alloy 
10.3.1.1 In the presence of specimens supporting the TMEG, TMEG-5CeN and 
CeO2CeN coatings 
The elemental depth profiles obtained by sputtering the bare alloy from the artificial 
cells indicate no corrosion protection and no measurable deposition of cerium onto the 
bare alloy at the end of 5 h of exposure in the presence of specimens supporting either 
the TMEG or TMEG 5CeN coatings. 
Deposition of cerium onto the bare alloy, along with a reduction in the thickness and 
intensity of the corroded/altered layer, is indicated in the presence of the specimen 
supporting the CeO2CeN coating. 
After an extended exposure time of 200 h, the thinnest, least intensely corroded/altered 
layer was sampled on the bare alloy that was exposed in the presence of the specimen 
supporting the glass-like CeO2CeN coating. However, a significant amount of cerium 
was not detected on the surface of the bare alloy from this cell. A possible explanation 
for this result may be that the solution became depleted in oxygen; this would restrict 
deposition of aluminium hydroxide onto the bare alloy without the need for inhibition 
by cerium species. 
A significant reduction in corrosion of the bare alloy was indicated at the end of 200 h 
in the presence of a specimen supporting the cerium-doped TMEG methacrylate 
coating. A significant amount of cerium was detected on the surface of the bare alloy 
from this cell, indicating an inhibition mechanism involving deposition of cerium. 
 
10.3.1.2 In the presence of specimens supporting non-inhibited EPOXY-Al 
coatings with various proportions of ethanol 
The presence of these specimens in the artificial cells appeared to inhibit the corrosion 
of the bare alloy over an extended time of exposure to a corrosive environment (200 h). 
This effect was found to involve inhibition of the cathodic reaction. These observations 
relate to the presence of coated specimens supporting controlled scratches. In the 
absence of controlled scratches, no corrosion inhibition effect was indicated. A possible 
explanation is competing corrosion of the substrate under the coating in the presence of 
entrained ethanol, which may be mitigated by release of ethanol from the coating 
through the controlled scratches. 
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10.3.1.3 In the presence of specimens supporting non-inhibited EPOXY-Al 
coatings with various proportions of AluOx 
The presence of empty AluOx nanocontainers in the coated specimens was found to 
have an inhibitory effect on corrosion of the bare alloy in the artificial cell experiments. 
This appeared to be due to adsorption of chloride from the solution by the AluOx 
containers, thus reducing the aggressive nature of the solution. 
This inhibitory effect is observed after an exposure time of 5 h, but is no longer evident 
after 200 h (either in the presence or absence of controlled scratches). Thus, the 
absorption of chloride by the empty AluOx containers appears to be limited in time, 
perhaps due to the chloride capacity of the nanocontainers having been exceeded. 
 
10.3.1.4 In the presence of specimens supporting EPOXY-Al coatings doped with 
various proportions of BZT 
Evidence for the diffusion of BZT from the coated specimens and across the solution, 
followed by deposition onto the bare alloy was obtained from the aluminium and 
oxygen depth profiles. The copper depth profile provided evidence for a reduction in 
copper de-alloying and re-distribution in the presence of BZT. 
The presence of BZT (a nitrogen-containing compound) on the surface or in the near-
surface layers of the bare alloy was not unambiguously confirmed by examination of the 
nitrogen depth profiles. 
The presence of 4% – 10% BZT appears to allow for optimum corrosion protection 
during 5 h of exposure, while the formation of a barrier layer is compromised at higher 
proportions of BZT. After an extended period of exposure (200 h), either in the presence 
or absence of controlled scratches on the coated specimens, the intensity of corrosion of 
the bare alloy is comparable to that observed in the absence of any coated specimen. 
These observations suggest that all or most of the BZT had leached from the coating 
within a period of time greater than 5 h but significantly less than 200 h and that the 
protective layer formed during the initial stages of exposure became ineffective during 
the longer exposure time. Further experiments, involving running artificial cells for 
various exposure times, would be required to discover the maximum time for corrosion 
inhibition by BZT. The question is also raised regarding what might be the mechanism 
of failure of the protective layer during extended exposure. 
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10.3.1.5 In the presence of specimens supporting EPOXY-Al coatings doped with 
various proportions of BZT in AluOx 
Although the intensity of corrosion is unchanged, a significant reduction in the 
thickness of the corroded/altered layers sampled on the bare alloy is indicated after 5 h 
in the presence of BZT/AluOx, compared to the presence of specimens supporting the 
non-inhibited, AluOx-free coating. This suggests that a relatively thin, coherent layer is 
formed in the presence of BZT, while the inhibitory affect of the AluOx containers 
themselves is not compromised. 
At the end of 200 h in the presence of coated specimens supporting controlled scratches, 
4% BZT in AluOx was found to afford a significant reduction in the intensity of 
corrosion of the bare alloy, compared with the presence of the empty AluOx containers. 
No such improvement was observed for higher loadings of BZT in AluOx. A possible 
explanation for this is that excessive loading of the AluOx nanocapsules severely limits 
their chloride absorption behaviour. 
 
10.3.1.6 In the presence of specimens supporting various non-inhibited 
methacryloxy-based sol-gel coatings 
At the end of 5 h, the thickness and intensity of corrosion on the bare alloy from the 
artificial cells incorporating specimens supporting the non-inhibited methacryloxy-
based coatings were comparable with the specimen from the reference cell. After an 
extended exposure time of 200 h, the thickness and intensity of corrosion of the bare 
alloy in the presence of the methacryloxy-based coatings was significantly less than that 
of the bare alloy from the equivalent reference cell. There is some evidence to suggest 
that the observed inhibitory effect of these coated specimens is due to chloride 
adsorption. The time factor involved is complementary to that observed in the presence 
of EPOXY-Al coatings doped with empty AluOx containers, suggesting that it might be 
beneficial to incorporate empty AluOx containers into the methacryloxy-based sol gel 
formulations. It would also be interesting to investigate the possibility of producing 
functionalised AluOx nanocapsules designed to enhance the observed chloride-
absorption behaviour. 
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10.3.1.7 In the presence of specimens supporting various non-inhibited sol-gel 
coatings plus inhibitor-doped primer 
In the presence of specimens supporting the non-inhibited methacryloxy-based sol-gel 
coatings with inhibitor-doped primers, the most significant reduction in thickness and 
intensity of corrosion of the bare alloy at the end of 5 h was observed in the presence of 
strontium chromate. After an extended exposure time of 200 h, a high concentration of 
MBT gave the best protection. 
During 5 h, BZT gave a similar reduction in thickness to strontium chromate, but the 
surface roughness of the bare alloy was more pronounced. 
At the end of 5 h, the thickness and intensity of the corroded layers were moderately 
reduced in the presence of MBT. A high concentration of MBT gave more significant 
protection than a low concentration. 
The presence of MBI in the primer afforded no measurable corrosion protection to the 
bare alloy at the end 5 h of exposure, but significant protection at the end of 200 h 
(compared to the absence of a coated specimen in the artificial cell). 
Thus, strontium chromate is found to be a highly effective inhibitor during short-term 
exposure to a corrosive environment, while MBT and MBI are slow to take effect, 
providing measurable protection over the longer term. It is therefore be suggested that 
the presence of mixed inhibitor (strontium chromate plus MBT or MBI) in the primer 
might be investigated. 
The presence of chromium species on the surface of the bare alloy in the presence of 
strontium chromate is clearly indicated by the chromium depth profile. The presence of 
sulphur-containing or nitrogen-containing inhibitor species on the surface of the bare 
alloy was not unambiguously confirmed by examination of the sulphur and nitrogen 
depth profiles. 
 
10.3.1.8 In the presence of specimens supporting various sol-gel coatings doped 
with SAPP 
The bare alloy exposed for 5 h in the presence of specimens supporting SAPP-doped 
sol-gel coatings without primers was intensely corroded. The corroded layers were 
depleted in phosphorus and there was evidence for significant copper de-alloying and 
re-distribution. 
At the end of 200 h in the presence of SAPP-doped specimens without primers, the 
thickness and intensity of the corroded/altered layers sampled on the bare alloy was 
 939 
significantly less than that observed for the reference specimen. The presence of 
phosphorus within the altered layers suggests the presence of SAPP. Since phosphorus 
was not detected at the end of 5 h of exposure, this suggests slow leaching of SAPP in 
the absence of a primer. 
GDOES examination of the bare alloy that was exposed for 5 h in the presence of the 
specimen supporting an SAPP-doped sol-gel coating plus non-inhibited primer and 
topcoat revealed an altered layer that was significantly depleted in oxygen and enriched 
in phosphorus. De-alloying and re-distribution of copper near the surface were also 
significantly reduced.  Thus, the rate of leaching of SAPP appears to be enhanced in the 
presence of a primer. 
The corroded/altered layer on the bare alloy that was exposed for 200 h in the presence 
of the SAPP-doped sol-gel with primer was significantly reduced in thickness 
(compared to that observed in the absence of a coated specimen). The altered layer was 
enriched in phosphorus and the extent of copper de-alloying and re-distribution were 
significantly reduced.  Thus, the inhibitory effect of SAPP remains significant after 200 
h of exposure. 
 
10.3.1.9 In the presence of specimens supporting various sol-gel coatings doped 
with SAPP plus inhibitor-doped primer 
At the end of 5 h of exposure, a beneficial synergistic effect was indicated between 
SAPP in the sol-gel and strontium chromate, or between SAPP and a high concentration 
of MBT, such that corrosion of the aluminium-rich matrix was inhibited and the extent 
of copper de-alloying was reduced. The presence of either BZT or MBI in the primer 
appeared to work against the contribution of SAPP, leading to a loss or reversal of 
corrosion inhibition and a net enhancement in copper de-alloying and re-distribution. 
The presence of the specimens supporting SAPP-doped sol-gel coatings plus inhibitor-
doped primer all gave significant reduction in the thickness of the corroded/altered 
layers, along with significantly reduced extents of copper de-alloying, during the 200 h 
of exposure for the series b artificial cells, compared with the absence of a coated 
specimen. 
The presence of SAPP/SrCrO4, which afforded the most significant inhibition during 
the 5 h of exposure (series a), also gave the most significant reduction  in corrosion of 
the aluminium-rich matrix during the longer exposure time. The presence of a high 
concentration of MBT allowed a comparable reduction in corrosion of the aluminium-
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rich matrix to that observed in the presence of strontium chromate. However, the effect 
of a high concentration of MBT on copper de-alloying was less significant than that 
observed in the presence of  strontium chromate. 
Inhibitors such as BZT or MBI (in low concentration), which did not afford protection 
during 5 h of exposure, significantly inhibited corrosion of the aluminium-rich matrix 
during 200 h of exposure time. This suggests slow release of these inhibitors. 
 
10.3.1.10 In the presence of chromic acid anodized and tartaric sulphuric acid 
anodized specimens 
The artificial cell experiment clearly demonstrated inhibition of corrosion of the bare 
alloy in the presence of the specimen supporting an unsealed chromic acid anodized 
film. By contrast, chromate-containing species were unable to diffuse from the sealed 
CAA film during exposure for 5 h. 
Corrosion inhibition, again affecting the cathodic reaction, was observed on the bare 
alloy at the end of 5 h in the presence of both the sealed and unsealed TSA films. There 
is evidence to the effect that the inhibiting species is small (compared to the chromate 
species in CAA) and able to diffuse from the sealed film (to a limited extent) in the 
presence of controlled scratches. 
At the end of 200 h, the presence of the specimen supporting the unsealed chromic acid 
anodized film gave the most significant protection to the bare alloy, while the presence 
of the specimen supporting the unsealed tartaric acid anodized film gave the least 
reduction in corrosion intensity. Nevertheless, a significant reduction in the thickness 
and intensity of corrosion was observed for each of the four specimens compared with 
the specimen from the reference cell. 
 
10.3.2 Comparing best outcome from each group of specimens 
The aluminium depth profiles presented in Figure 10.1 indicate the best results for all 
the series a artificial cells. The least intensely corroded bare alloy, by a significant 
margin, was that exposed for 5 h in the presence of the specimen supporting a non-
inhibited sol-gel primer plus strontium chromate-doped primer (cell 48a). By 
comparison, the presence of the specimen supporting the SAPP-doped sol-gel coating 
plus strontium chromate-doped primer (cell 48a) resulted in measurably less protection 
of the bare alloy. The other systems presented in Figure 10.1 are closely comparable to 
one another and moderately inferior to the aforementioned. 
 941 
The best results for the series b artificial cells are presented together in Figure 10.2. Due 
to the longer exposure time (200 h) all specimens are more corroded than these from 
series a, hence the longer sputtering time presented. The least intensely corroded bare 
alloy in series b was that exposed in the presence of the specimen supporting the non-
inhibited EPOXY-Al coating doped with 10% AluOx (cell 16b). This unanticipated 
result is explained by adsorption of chloride ions by the empty AluOx nanocontainers. 
The presence of the specimen supporting the EPOXY-Al coating doped with 4% BZT 
(cell 20b) gives a closely comparable result to that of cell 16b, as does the specimen 
supporting the glass-like CeO2CeN coating (cell 53b). 
The methacryloxy-based sol-gel coatings supplied by EADS did not perform as well as 
the EPOXY-Al coatings during the extended exposure time for series b. The best of the 
EADS specimens was the non-inhibited sol-gel with a high concentration of MBT in the 
primer (cell 33b). This is in contrast to series a, where the methacryloxy-based sol-gel 
specimens afforded more significant protection than the EPOXY-Al coated specimens. 
This indicates that the different sol-gel formulations lead to different diffusion rates for 
the inhibitor species. A possible future investigation might therefore involve a multi-
layer sol-gel coating, such that rapid diffusion from the outermost layer would afford 
short-term protection, while more gradual diffusion from the inner layer or layers would 
afford longer-term protection. 
 
10.3.3 Uncoated DC01 steel 
10.3.3.1 In the presence of specimens supporting non-inhibited EPOXY-Fe 
coatings with various proportions of IPE 
Corrosion of the uncoated steel in the presence of the concentrated EPOXY-Fe coating 
was measurably more intense than in the presence of coatings doped with various 
proportions of IPE. Varying the proportion of IPE in the coatings did not result in a 
detectable variation in the corrosion behaviour of the uncoated steel. These observations 
suggest that a small (relatively constant) amount of IPE remains in the cured coatings 
and that IPE affords an inhibitory effect upon the corrosion of the uncoated steel in the 
artificial cell. 
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10.3.3.2 In the presence of specimens supporting EPOXY-Fe coatings doped with 
various proportions of BZT 
The intensity of corrosion of the uncoated steel from the artificial cells run in the 
presence of coated specimens doped with various proportions of BZT is significantly 
reduced compared to that in the absence of a coated specimen. However, a relatively 
minor reduction in the intensity of corrosion in the presence of BZT is indicated when 
compared to the presence of a specimen supporting the non-inhibited EPOXY-Fe 
coating. 
The presence of 4 – 10% BZT allows a significant reduction in the thickness of the 
corroded/altered layer on the uncoated steel, compared to the specimen from the 
reference cell. However, the layer formed in the presence of 10% BZT is significantly 
more depleted in iron, reflecting either more intense corrosion or the formation of a 
coherent layer incorporating BZT. 
 
10.3.3.3 In the presence of specimens supporting EPOXY-Fe coatings doped with 
various proportions of cerium nitrate 
At the end of 5 h of contact with the electrolyte in the presence of 4% cerium nitrate, 
corrosion of the uncoated steel in the artificial cell is restricted in thickness, but of a 
comparable intensity to that observed in the absence of a coated specimen. This 
suggests the formation of a coherent, protective layer. 
In the presence of 10% cerium nitrate a significant increase in thickness of the 
corroded/altered layer is observed, but with no measurable change in intensity of 
corrosion.  
A similarly thick layer is sampled after 5 h in the presence of 16% cerium nitrate. The 
iron depth profile suggests a significant increase in intensity of corrosion, but this is 
accompanied by a significant increase in the relative amount of cerium sampled in the 
altered layer and by an almost complete absence of visible blistering on the specimen. 
 
10.4 Suggestions for future work 
The coating systems studied in the present work were developed as part of an initiative 
to produce environmentally friendly alternatives to chromium compounds for corrosion 
protection. The present work has highlighted a number of beneficial aspects, both 
anticipated and unanticipated, of the various systems investigated. In future work, it 
would be interesting to combine and enhance these effects. Thus, a methacryloxy-based 
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sol-gel coating with zirconium precursor may be doped with AluOx nanocontainers to 
provide chloride-ion adsorption capability on complimentary time-scales. In the 
preparation of such a coating, two populations of AluOx nanocontainers may be used, 
one of which is doped with an inhibitor such as BZT or MBT, while the other is empty 
for immediate chloride ion adsorption. Further functionality may be added to the 
nanoparticles to enhance chloride ion adsorption or to provide other advantages, such as 
a colour change when the coating is damaged. 
The glass-like cerium oxide coating and the three-layer TMEG-methacrylate coating 
may also be enhanced by doping with AluOx nanocontainers. In the latter case, 
encapsulating the cerium nitrate in AluOx may remove the need for three layers by 
providing a sufficiently slow release of the inhibitor. The present study has highlighted 
the difficulty of achieving good adhesion between the various layers of the three-layer 
coating.  
The barrier, chloride-absorption and corrosion inhibiting properties of each of these 
suggested coatings could be studied using the artificial cell and GDOES methodologies 
described in the present work.  
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (series a)
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Figure 10.1: Aluminium depth profiles obtained by sputtering the bare alloy from the best-
performing series a artificial cells. The first 4 s of sputtering time are presented. 
 Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 used in the artificial cells (GMT series b)
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Figure 10.2: Aluminium depth profiles obtained by sputtering the bare alloy from the best-
performing series b artificial cells. The first 10 s of sputtering time are presented. 
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Appendix A Tables of Elemental Abundances Calculated from the Elemental 
Depth Profiles 
 
A1 Artificial cells – reference cells 
 
Table A1: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen (bare alloy, non-corroded) and the bare alloy from artificial cells 23a – 
c, 54a and 54b. 
 Control Cell 23a Cell 23b Cell 23c Cell 54a Cell 54b 
Al 25.6 15.1 13.3 10.2 22.4 172 
Cu 3.66 3.52 1.61 1.20 4.92 10.7 
O/Al 0.034 0.13 0.17 0.23 0.14 0.33 
O/Cu 0.24 0.58 1.41 1.99 0.65 5.36 
 
Table A2: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen (DC01 steel, non-corroded) and the uncoated DC01 steel from 
artificial cells 66a, 66b. 
 Control Cell 66a Cell 66b 
Fe 56.9 21.9 52.9 
O/Fe 0.050 0.197 0.082 
 
 
A2 Bare alloy from the series a artificial cells 
 
Table A3: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 10a – 13a and 23a. 
 Control Cell 10a Cell 11a Cell 12a Cell 13a Cell 23a 
Al 25.6 13.3 16.4 13.3 28.3 15.1 
Cu 3.66 3.51 3.66 2.42 5.77 3.52 
O/Al 0.034 0.18 0.13 0.18 0.072 0.13 
O/Cu 0.24 0.68 0.60 1.00 0.35 0.58 
 
Table A4: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 14a – 16a and 23a. 
 Control Cell 14a Cell 15a Cell 16a Cell 23a 
Al 25.6 15.5 14.1 15.7 15.1 
Cu 3.66 3.53 2.91 3.33 3.52 
O/Al 0.034 0.15 0.16 0.14 0.13 
O/Cu 0.24 0.64 0.77 0.65 0.58 
 
Table A5: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 17a – 19a and 23a. 
 Control Cell 17a Cell 18a Cell 19a Cell 23a 
Al 25.6 18.5 12.5 16.6 15.1 
Cu 3.66 3.97 2.72 3.56 3.52 
O/Al 0.034 0.11 0.15 0.13 0.13 
O/Cu 0.24 0.50 0.69 0.60 0.58 
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Table A6: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 20a – 22a and 23a. 
 Control Cell 20a Cell 21a Cell 22a Cell 23a 
Al 25.6 17.0 15.2 8.90 15.1 
Cu 3.66 5.29 2.81 2.74 3.52 
O/Al 0.034 0.099 0.12 0.28 0.13 
O/Cu 0.24 0.32 0.66 0.90 0.58 
 
Table A7: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a. 
 Control Cell 35a Cell 37a Cell 38a Cell 51a Cell 54a 
Al 25.6 17.6 22.6 14.6 7.99 22.4 
Cu 3.66 2.76 3.22 2.71 2.12 4.92 
O/Al 0.034 0.22 0.15 0.25 0.61 0.14 
O/Cu 0.24 1.39 1.09 1.35 2.29 0.65 
 
Table A8: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 28a, 39a, 41a and 54a. 
 Control Cell 28a Cell 39a Cell 41a Cell 54a 
Al 25.6 28.8 17.9 16.8 22.4 
Cu 3.66 4.42 4.10 3.32 4.92 
O/Al 0.034 0.11 0.29 0.39 0.14 
O/Cu 0.24 0.70 1.28 1.97 0.65 
 
Table A9: Relative elemental abundances and ratios obtained by GDOES analysis of the 
control specimen and the bare alloy from artificial cells 35a, 37a, 38a, 51a and 54a. 
 Control Cell 29a Cell 31a Cell 32a Cell 33a Cell 34a Cell 54a 
Al 25.6 36.6 33.1 26.1 37.8 31.9 22.4 
Cu 3.66 5.35 4.88 3.77 5.63 4.53 4.92 
O/Al 0.034 0.098 0.079 0.12 0.070 0.14 0.14 
O/Cu 0.24 0.67 0.54 0.82 0.47 0.96 0.65 
 
Table A10: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 30a, 36a, 40a, 47a, 48a and 
54a. 
 Control Cell 30a Cell 36a Cell 40a Cell 47a Cell 48a Cell 54a 
Al 25.6 20.0 28.6 13.9 39.0 27.8 22.4 
Cu 3.66 3.33 3.95 2.54 7.02 4.60 4.92 
O/Al 0.034 0.23 0.16 0.53 0.11 0.12 0.14 
O/Cu 0.24 1.38 1.17 2.89 0.63 0.73 0.65 
 
Table A11: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 30a, 36a, 43a – 46a, 49a, 
50a. 
 Control Cell 43a Cell 44a Cell 45a Cell 46a Cell 49a Cell 50a 
Al 25.6 32.7 23.5 20.6 13.5 9.68 17.2 
Cu 3.66 4.37 3.23 3.50 2.08 1.90 2.99 
O/Al 0.034 0.14 0.30 0.36 0.66 0.49 0.30 
O/Cu 0.24 1.06 1.96 2.14 4.26 2.48 1.72 
 947 
Table A12: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 51a – 55a. 
 Control Cell 51a Cell 52a Cell 53a Cell 54a Cell 55a 
Al 25.6 7.99 10.6 15.5 22.4 - 
Cu 3.66 2.12 1.71 2.37 4.92 - 
O/Al 0.034 0.61 0.42 0.25 0.14 - 
O/Cu 0.24 2.29 2.63 1.61 0.65 - 
 
 
A3 Uncoated DC01 steel from the series a artificial cells 
 
Table A13: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the uncoated DC01 steel from artificial cells 56a – 58a and 
66a. 
 Control Cell 56a Cell 57a Cell 58a Cell 66a 
Fe 56.9 32.6 17.2 27.3 21.9 
O/Fe 0.05 0.07 0.19 0.10 0.20 
 
Table A14: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the uncoated DC01 steel from artificial cells 59a – 61a and 
66a. 
 Control Cell 59a Cell 60a Cell 61a Cell 66a 
Fe 56.9 19.9 39.3 33.7 21.9 
O/Fe 0.050 0.14 0.092 0.18 0.20 
 
Table A15: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the uncoated DC01 steel from artificial cells 62a – 66a. 
 Control Cell 62a Cell 63a Cell 64a Cell 65a Cell 66a 
Fe 56.9 35.1 20.9 21.8 41.3 21.9 
O/Fe 0.050 0.085 0.12 0.13 0.067 0.20 
 
 
A4 Bare alloy from the series b artificial cells 
 
Table A 16: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 10b – 13b and 23b. 
 Control Cell 10b Cell 11b Cell 12b Cell 13b Cell 23b 
Al 25.6 - 9.10 11.8 16.0 13.3 
Cu 3.66 - 1.41 2.09 2.40 1.61 
O/Al 0.034 - 0.29 0.15 0.13 0.17 
O/Cu 0.24 - 1.90 0.84 0.84 1.41 
 
Table A17: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 14b – 16b and 23b. 
 Control Cell 14b Cell 15b Cell 16b Cell 23b 
Al 25.6 11.2 11.7 10.7 13.3 
Cu 3.66 1.64 2.20 1.96 1.61 
O/Al 0.034 0.26 0.39 0.19 0.17 
O/Cu 0.24 1.80 2.08 1.03 1.41 
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Table A18: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 17b – 19b and 23b. 
 Control Cell 17b Cell 18b Cell 19b Cell 23b 
Al 25.6 8.65 11.8 10.9 13.3 
Cu 3.66 1.51 1.82 1.54 1.61 
O/Al 0.034 0.25 0.21 0.32 0.17 
O/Cu 0.24 1.44 1.36 2.25 1.41 
 
Table A19: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 20b – 22b and 23b. 
 Control Cell 20b Cell 21b Cell 22b Cell 23b 
Al 25.6 14.9 13.1 17.5 13.3 
Cu 3.66 2.34 1.81 2.15 1.61 
O/Al 0.034 0.12 0.17 0.49 0.17 
O/Cu 0.24 0.79 1.24 4.02 1.41 
 
Table A20: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 23b – 27b. 
 Control Cell 23b Cell 24b Cell 25b Cell 26b Cell 27b 
Al 25.6 13.3 10.3 10.6 32.0 8.04 
Cu 3.66 1.61 1.07 1.59 4.84 1.54 
O/Al 0.034 0.17 0.40 0.22 0.044 0.27 
O/Cu 0.24 1.41 3.90 1.48 0.29 1.43 
 
Table A21: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 35b, 37b, 38b, 42b, 51b and 
54b. 
 Control Cell 35b Cell 37b Cell 38b Cell 42b Cell 51b Cell 54b 
Al 25.6 40.7 10.8 40.8 32.8 12.2 172 
Cu 3.66 7.94 3.99 4.75 3.83 2.47 10.7 
O/Al 0.034 0.44 0.48 0.51 0.49 0.62 0.33 
O/Cu 0.24 2.24 1.30 4.41 4.23 3.04 5.36 
 
Table A22: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 28b, 39b, 41b and 54b. 
 Control Cell 28b Cell 39b Cell 41b Cell 54b 
Al 25.6 13.6 59.4 45.7 172 
Cu 3.66 4.71 7.97 6.05 10.7 
O/Al 0.034 0.38 0.56 0.34 0.33 
O/Cu 0.24 1.10 4.20 2.58 5.36 
 
Table A23: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 35b, 37b, 38b, 51b and 54b. 
 Control Cell 29b Cell 31b Cell 32b Cell 33b Cell 34b Cell 54b 
Al 25.6 67.5 13.0 14.0 8.78 10.7 172 
Cu 3.66 12.2 4.15 3.90 3.72 2.88 10.7 
O/Al 0.034 0.63 0.40 0.48 0.22 0.42 0.33 
O/Cu 0.24 3.48 1.25 1.73 0.53 1.55 5.36 
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Table A24: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 30b, 36b, 40b, 47b, 48b and 
54b. 
 Control Cell 30b Cell 36b Cell 40b Cell 47b Cell 48b Cell 54b 
Al 25.6 7.36 17.7 47.4 7.64 14.8 172 
Cu 3.66 2.24 4.42 6.78 1.50 2.21 10.7 
O/Al 0.034 0.43 0.36 0.26 0.30 0.19 0.33 
O/Cu 0.24 1.40 1.43 1.79 1.51 1.26 5.36 
 
Table A25: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 30a, 36a, 43b – 46b, 49b 
and 50b. 
 Control Cell 43b Cell 44b Cell 45b Cell 46b Cell 49b Cell 50b 
Al 25.6 16.5 463 16.6 15.2 10.0 15.0 
Cu 3.66 1.85 48 3.61 2.12 2.46 2.12 
O/Al 0.034 0.20 0.61 0.58 0.50 0.58 0.63 
O/Cu 0.24 1.70 5.87 2.68 3.58 2.35 4.47 
 
Table A26: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 51b – 55b. 
 Control Cell 51b Cell 52b Cell 53b Cell 54b Cell 55b 
Al 25.6 12.2 123 10.5 172 12.6 
Cu 3.66 2.47 10.3 1.10 10.7 2.28 
O/Al 0.034 0.62 0.61 0.17 0.33 0.23 
O/Cu 0.24 3.04 7.25 1.63 5.36 1.27 
 
 
A5 Coated AA2024 T3 specimens from the series b artificial cells 
 
Table A27: Relative elemental abundances and ratios obtained by GDOES analysis of 
the coated specimens from artificial cells 10b – 13b and the relevant control specimens. 
 EPOXY-Al, 
concentrated 
EPOXY-Al 
10EtOH 
EPOXY-Al 
20EtOH 
EPOXY-Al 
30EtOH 
 Control Cell 
10b 
Control Cell 
11b 
Control Cell 
12b 
Control Cell 
13b 
O 224 196 188 171 366 124 126 134 
Si 694 575 555 491 690 346 374 385 
N 5.59 4.39 4.89 3.47 110 2.69 2.87 3.51 
Cl 2.15 1.86 1.98 1.67 1.56 1.26 1.16 1.42 
O/Si 0.32 0.34 0.34 0.35 0.53 0.36 0.34 0.35 
N/Si 0.0081 0.0076 0.0088 0.0071 0.16 0.0078 0.0077 0.0091 
Cl/Si 0.0031 0.0032 0.0036 0.0034 0.0023 0.0036 0.0031 0.0037 
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Table A28: Relative elemental abundances and ratios obtained by GDOES analysis of 
the coated specimens from artificial cells 14b – 16b and the relevant control specimens. 
 EPOXY-Al 4BZT EPOXY-Al 10BZT EPOXY-Al 16BZT 
 Control Cell 14b Control Cell 15b Control Cell 16b 
O 113 129 127 139 165 203 
Si 344 335 343 345 425 419 
N 5.82 6.65 12.1 14.0 22.5 26.9 
Cl 1.33 1.66 1.30 1.55 1.70 1.87 
O/Si 0.33 0.38 0.37 0.40 0.39 0.48 
N/Si 0.017 0.020 0.035 0.041 0.053 0.064 
Cl/Si 0.0039 0.0050 0.0038 0.0045 0.0040 0.0045 
 
Table A29: Relative elemental abundances and ratios obtained by GDOES analysis of 
the coated specimens from artificial cells 17b – 19b and the relevant control specimens. 
 EPOXY-Al 
4BZT10AluOx 
EPOXY-Al 
10BZT10AluOx 
EPOXY-Al 
16BZT10AluOx 
 Control Cell 17b Control Cell 18b Control Cell 19b 
O 252 314 335 385 286 336 
Si 662 709 836 811 643 642 
N 11.9 14.7 29.8 32.9 38.8 44.3 
Cl 2.08 2.60 2.92 3.03 2.38 2.57 
O/Si 0.38 0.44 0.40 0.47 0.44 0.52 
N/Si 0.018 0.021 0.036 0.041 0.060 0.069 
Cl/Si 0.0031 0.0037 0.0035 0.0037 0.0037 0.0040 
 
Table A30: Relative elemental abundances and ratios obtained by GDOES analysis of 
the coated specimens from artificial cells 20b – 22b and the relevant control specimens. 
 EPOXY-Al 10AluOx EPOXY-Al 20AluOx EPOXY-Al 30AluOx 
 Control Cell 20b Control Cell 21b Control Cell 22b 
O 258 265 407 483 126 1157 
Si 706 654 967 979 374 1773 
N 4.94 5.36 7.37 8.27 2.87 18.6 
Cl 2.14 2.32 3.17 3.87 1.16 7.81 
O/Si 0.37 0.41 0.42 0.49 0.34 0.65 
N/Si 0.0070 0.0082 0.0076 0.0084 0.0077 0.011 
Cl/Si 0.0030 0.0036 0.0033 0.0040 0.0031 0.0044 
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A6 Coated DC01 steel from the series b artificial cells 
 
Table A31: Relative elemental abundances and ratios obtained by GDOES analysis of 
the coated DC01 steel from artificial cells 67b – 70b and the relevant control specimens. 
 EPOXY-Fe 
concentrated 
EPOXY-Fe 
15IPE 
EPOXY-FE 
30IPE 
EPOXY-FE 
45IPE 
 Control Cell 
67b 
Control Cell 
68b 
Control Cell 
69b 
Control Cell 
70b 
Fe 1087 1218 1119 1108 1251 874 889 869 
Si 278 254 198 205 160 166 120 136 
Cl 3.12 2.83 2.13 2.24 1.79 1.79 1.38 1.48 
O/Fe 0.37 0.31 0.25 0.28 0.18 0.29 0.20 0.24 
O/Si 1.44 1.49 1.39 1.51 1.40 1.55 1.47 1.56 
Cl/Si 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011 
 
 
A7 Bare alloy from the series c artificial cells 
 
Table A32: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 10c – 13c and 23c. 
 Control Cell 10c Cell 11c Cell 12c Cell 13c Cell 23c 
Al 25.6 15.8 12.8 11.7 8.97 10.2 
Cu 3.66 2.21 2.49 2.49 1.46 1.20 
O/Al 0.034 0.22 0.30 0.51 0.41 0.23 
O/Cu 0.24 1.56 1.54 2.41 2.50 1.99 
 
Table A33: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 14c – 16c and 23c. 
 Control Cell 14c Cell 15c Cell 16c Cell 23c 
Al 25.6 9.06 8.00 11.4 10.2 
Cu 3.66 1.40 1.41 1.72 1.20 
O/Al 0.034 0.43 0.44 0.38 0.23 
O/Cu 0.24 2.78 2.48 2.52 1.99 
 
Table A34: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 17c – 19c and 23c. 
 Control Cell 17c Cell 18c Cell 19c Cell 23c 
Al 25.6 9.77 11.8 10.4 10.2 
Cu 3.66 1.56 2.33 2.14 1.20 
O/Al 0.034 0.37 0.37 0.55 0.23 
O/Cu 0.24 2.29 1.85 2.70 1.99 
 
Table A35: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 20c – 22c and 23c. 
 Control Cell 20c Cell 21c Cell 22c Cell 23c 
Al 25.6 14.2 11.3 9.48 10.2 
Cu 3.66 2.66 1.77 1.57 1.20 
O/Al 0.034 0.29 0.56 0.36 0.23 
O/Cu 0.24 1.56 3.60 2.19 1.99 
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Table A36: Relative elemental abundances and ratios obtained by GDOES analysis of 
the control specimen and the bare alloy from artificial cells 23c – 27c. 
 Control Cell 23c Cell 24c Cell 25c Cell 26c Cell 27c 
Al 25.6 10.2 12.9 13.0 8.66 13.5 
Cu 3.66 1.20 2.69 2.34 1.59 2.22 
O/Al 0.034 0.23 0.23 0.27 0.48 0.22 
O/Cu 0.24 1.99 1.10 1.47 2.62 1.33 
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Appendix B Repeatability of Elemental Depth Profiling 
B1 Aluminium depth profiles 
Figure A3.1 presents the aluminium depth profiles obtained during the GDOES 
sputtering of 12 craters on one specimen of the bare alloy, showing a high level of 
repeatability. Each profile shows sharp rise in intensity upon initiation of sputtering, 
with a shoulder at an intensity of 5 arbitrary units lasting for approximately 0.05 s 
before the sharp rise in intensity is resumed. Each profile reaches a plateau at a 
maximum intensity of 75 arbitrary units. 
The aluminium depth profiles obtained using the 4 mm source to sputter five individual 
specimens of the bare alloy are shown on Figure A3.2. Some variation is seen in the 
aluminium depth profiles from different specimens, such that the profiles fall into two 
main types: 
Type A: Profiles show initial sharp increases in intensity, levelling off at 2 – 8 arbitrary 
units after 0.03 – 0.06 s of sputtering time. This plateau in intensity persists for ~ 0.02 s 
before the intensity increases again to reach a maximum value of 92 – 107 units after 
approximately 1 s of sputtering time. During this second increase in intensity, the 
gradient is typically around 215 to 460. 
Type B: Profiles do not show the plateau in intensity seen in the early stages of 
sputtering of type A specimens. The intensity increases smoothly to reach a maximum 
value of 107 – 109 arbitrary units after approximately 1 s of sputtering time. The 
gradient during this increase is typically 215 to 302. 
The difference between types A and B does not correlate with any possible variations in 
the surface pre-treatment regime. Specimens 1, 2 and 3 were etched and de-smutted on 
the same day under identical conditions. Specimens 1 and 2 show aluminium profiles 
belonging to type A, while the aluminium depth profile for specimen 3 belongs to type 
B. Similarly, specimens 7 and 8‘ were etched and de-smutted together (separately from 
specimens 1 – 3), but show profiles belonging to types B and A respectively. 
 
B2 Oxygen depth profiles 
Figure A3.3 shows that the oxygen depth profiles obtained using the 4 mm source to 
sputter the five individual specimens of the bare alloy are also of two types: 
Type A: Oxygen depth profiles increase sharply to reach a maximum intensity of 7 – 12 
arbitrary units after approximately 0.1 s of sputtering time. The oxygen intensity then 
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decreases to reach one half of its peak value after sputtering times of 0.1 – 0.2 s. This is 
taken to represent the interface between the surface oxide layer and the bulk alloy. 
Type B: Oxygen depth profiles increase gradually to a maximum intensity of 4 – 5 
arbitrary units after approximately 0.4 s of sputtering time. The intensity then gradually 
decreases to reach one half of its peak value after a total sputtering time of 
approximately 0.8 s. 
Taking into consideration the nature of both the aluminium and the oxygen depth 
profiles leads to the possible interpretation that the difference between the two groups 
lies in the nature of the natural oxide coating. Group A represent a shallow oxide 
coating, while in group B, the oxide coating is significantly deeper. 
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Aluminium depth profiles obtained by GDOES sputtering of the
bare AA2024 T3 alloy using the 4 mm source (plate 8, not immersed)
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Figure B1: Aluminium depth profiles obtained by sputtering twelve areas on one specimen of the 
bare alloy using the 4 mm diameter source. 
 
 Aluminium depth profiles obtained using the 4 mm source to sputter the
bare AA2024 T3 alloy before immersion
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Figure B2: Aluminium depth profiles obtained by sputtering five individual specimens of the bare 
alloy. 
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Oxygen depth profiles
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Figure B3: Oxygen depth profiles obtained by sputtering five individual specimens of the bare 
alloy. 
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